All relevant data are within the manuscript and its Supporting Information files.

Introduction {#sec001}
============

To reduce pollution, considerable effort and resources must be invested to implement the measures in place. The evaluation of the effectiveness of the promulgated measures can provide important information for China and other developing countries and highly polluting countries to formulate high-efficiency air quality policies. Recent studies often use model simulation methods to study pollutant changes, for example, Zhang et al. quantified the emission reduction of air pollutants by examining each measure of the \"Action Plan\" \[[@pone.0227469.ref001]\] using models. The authors estimated that the national population-weighted concentration of annual mean PM~2.5~ decreased from 61.8 μg/m^3^ to 42.0 μg/m^3^ from 2013 to 2017 \[[@pone.0227469.ref002]\]. Cai et al. used the model to simulate the concentration of PM~2.5~ in the Beijing-Tianjin-Hebei area from 2012 to 2020 and concluded that the concentrations of PM~2.5~ in 2017 and 2020 will be 28.3% and 37.8% lower, respectively, than in 2012 \[[@pone.0227469.ref003]\]. Jiang et al. used model simulation to conclude that, from 2012 to 2017 in the Pearl River Delta, the \"Action Plan\" effectively reduced SO~2~ by 34%, NOx by 28%, PM~2.5~ by 26%, and volatile organic compounds by 10% \[[@pone.0227469.ref004]\]. Zheng et al. \[[@pone.0227469.ref005]\] and Xue et al. \[[@pone.0227469.ref006]\] used similar methods to obtain similar conclusions.

In addition, many previous studies have used satellite retrieved aerosol optical depth to estimate trends in PM~2.5~ concentrations. Peng et al. reported that China's PM~2.5~ concentration increased significantly between 1999 and 2011, especially in central and eastern regions of China. The proportion of areas with PM~2.5~ concentrations higher than 35 μg/m^3^ increased year by year, and the areas with PM~2.5~ concentrations lower than the annual primary standard of 15 μg/m^3^ decreased continuously \[[@pone.0227469.ref007]\]. Ma et al.'s spatiotemporal trends of PM~2.5~ based on satellite studies show that the annual mean between 2004 and 2007 increased by 1.97 μg/m^3^, while the annual mean between 2008 and 2013 decreased by 0.46 μg/m^3^ \[[@pone.0227469.ref008]\]. Krotkov et al. observed through the Ozone Monitoring Instrument (OMI) of NASA's Aura satellite that the North China Plain has the most severe sulfur dioxide pollution in the world, but it has been on a downward trend since 2011. Due to economic slowdown and government intervention, efforts to curb emissions from the power and industrial sectors led to reductions of approximately 50% from 2012--2014 \[[@pone.0227469.ref009]\]. Verstraeten et al. used satellite observations to show that from 2005 to 2010, China's ozone (O~3~) concentration has been increasing steadily at a rate of 7% per year \[[@pone.0227469.ref010]\].

There are also many reports on the spatial and temporal changes in gas and particulate pollutants in China, but most of them are limited to a city or a certain type of pollutants \[[@pone.0227469.ref011]--[@pone.0227469.ref016]\]. For example, Zhou et al. studied the spatiotemporal changes in air quality in Beijing \[[@pone.0227469.ref011]\], Guo et al. used ground observations to assess the PM~2.5~ concentration and exposure throughout China \[[@pone.0227469.ref012]\], and Chen et al. reported spatiotemporal changes in PM~2.5~ and their relationship to meteorological factors in Nanjing City \[[@pone.0227469.ref013]\], among many other studies.

Some studies have used monitoring networks to study the spatiotemporal changes in multiple pollutants at multiple sites (urban). For example and Silver et al. reported that substantial changes in the air pollutants PM~2.5~, SO~2~, NO~2~ and O~3~ occurred across China from 2015--2017 according to data from 1689 sites \[[@pone.0227469.ref017]\]. Guo et al. studied the air quality of 366 cities in 2015--2017 and the spatiotemporal changes in six air pollutants, i.e., PM~2.5~, PM~10~, SO~2~, CO, NO~2~, and O~3~, and AQI \[[@pone.0227469.ref018]\]. The most recent trends in pollutant changes have also exhibited changes. For example, both the present study and that conducted by Guo et al. found that NO~2~ hardly changed from 2015 to 2017.

Here, we use the latest data from environmental monitoring stations covering the whole country to evaluate the most recent trends of various pollutants in different regions of the country.

Materials and methods {#sec002}
=====================

The hourly data on national pollutants were downloaded from <http://beijingair.sinaapp.com/>, which were obtained from <http://pm25.in>. The URL <http://pm25.in> provides information identical to that provided by the official Ministry of Ecology and Environment (<http://106.37.208.233:20035/>). Other studies have used similar data (for example, Silver et al. 2018 \[[@pone.0227469.ref017]\], Guo et al. 2019 \[[@pone.0227469.ref018]\], Fan et al. 2020 \[[@pone.0227469.ref019]\], Rohde and Muller 2015 \[[@pone.0227469.ref020]\], Liang et al. 2016 \[[@pone.0227469.ref021]\], Leung et al. 2018 \[[@pone.0227469.ref022]\]).

We conducted a statistical analysis of the PM~2.5~, PM~10~, SO~2~, CO, NO~2~, O~3~ and AQI in different regions every year from 2015 to 2019.

The total number of monitoring points in different regions every year N is denoted by n. Let *x*~*i*~ be the *i* th sample and *w*~*i*~ be the *i* th weight; the annual mean of the pollutants in different regions every year is calculated using the following formula: $$\overline{x} = \frac{1}{\omega}{\sum\limits_{i = 1}^{n}{x_{i}\omega_{i}}}.$$

If there is no weight variable, the formula is reduces as follows: $$\overline{x} = \frac{1}{n}{\sum\limits_{i = 1}^{n}x_{i}}.$$

The standard deviation of pollutants in different regions every year is calculated as follows: $$s = \sqrt{\sum\limits_{i = 1}^{n}{\omega_{i}{(x_{i} - \overline{x})}^{2}/d}}$$ where *d* = *n* − 1.

The lower limit of the 95% confidence interval of the mean of the pollutants in different regions every year is calculated as follows: $$\overline{x} - t_{(1 - \alpha/2)}\frac{s}{\sqrt{n}}$$ where *t*~(1−*α*/2)~ is the (1 − *α*/2) critical value of the Student's t-statistic with n-1 degrees of freedom.

The upper limit of the 95% confidence interval of the mean of every region every year is calculated as follows: $$\overline{x} + t_{(1 - \alpha/2)}\frac{s}{\sqrt{n}}$$ where *t*~(1−*α*/2)~ is the (1 − *α*/2) critical value of the Student's t-statistic with n-1 degrees of freedom.

We also counted the minimum *x*~(1)~ and maximum *x*~(*n*)~values, first (25%) quantile (Q1), median or second (50%) quantile, third quartile (Q3) (75%), and custom percentiles (90%, 95%, and 99%) of pollutants in different regions every year.

We counted the annual relative change of pollutants of every region as follows: $$dx = \frac{x_{i} - x_{j}}{x_{j}}.$$ where *x*~*i*~ and *x*~*j*~ represent the absolute value at time *i* and *j*, respectively; and *dx* represents the relative change.

The annual average relative change of pollutants of every region is calculated as follows: $$d\overline{x} = \frac{x_{t + 1} - x_{t} + x_{t + 2} - x_{t + 1} + \ldots x_{t + n} - x_{t + n - 1}}{n - 1}$$ where *x*~*t*~ ... *x*~*t*+*n*~ represents the absolute value at time t...t+n and $d\overline{x}$ represents the annual average relative change.

We also counted the number (percentage) of cities with positive and negative annual relative changes and the number (percentage) of cities in different intervals of annual relative change.

Results and discussion {#sec003}
======================

Spatial distribution {#sec004}
--------------------

### PM~2.5~ and PM~10~ {#sec005}

From 2015 to 2019, the national annual mean and annual average median of PM~2.5~ were 42.7 μg/m^3^ and 41.0 μg/m^3^, respectively. We divide China into 11 regions. The Northern region includes Beijing, Tianjin, Hebei, Shandong, Shanxi, and Henan; the Eastern (Yangtze River Delta) region includes Jiangsu, Zhejiang, and Fujian; the Central region includes Anhui, Hubei, Hunan, and Jiangxi; the Southern region (Pearl River Delta) includes Guangdong, Guangxi, and Hainan; the Weihe River Basin includes Shan Xi, Gansu, and Ningxia; other regions include Xinjiang, Sichuan Basin, Inner Mongolia, Qinghai-Tibet, Yungui (Yunnan, Guizhou) and northeastern China (Heilongjiang, Jilin, and Liaoning).

From a regional perspective, the Northern (58.2 μg/m^3^), Xinjiang (52.5 μg/m^3^), and Central (46.6 μg/m^3^) regions have the highest annual mean PM~2.5~ from 2015 to 2019 (sorted by annual mean). The mean PM~2.5~ in the Northern region was 36% higher than the national mean PM~2.5~. Baoding (80.7 μg/m^3^), Xingtai (79.1 μg/m^3^), Laiwu (79.0 μg/m^3^), and Anyang (78.5 μg/m^3^) in the Northern region are the cities with highest annual mean ([Table 1](#pone.0227469.t001){ref-type="table"}).

10.1371/journal.pone.0227469.t001

###### Annual mean concentration of pollutants from 2015 to 2019.

![](pone.0227469.t001){#pone.0227469.t001g}

  Regions   PM2.5   AQI     PM10    SO2    CO     NO2    O3
  --------- ------- ------- ------- ------ ------ ------ ------
  N         58.2    94.5    107.2   26.9   1.17   36.6   67.4
  X         52.5    101.4   136.8   13.0   1.14   27.1   61.8
  E         40.2    67.5    68.0    13.3   0.82   32.7   63.0
  S         31.4    52.4    50.4    11.3   0.86   22.9   55.2
  SC        40.1    65.6    66.0    13.4   0.81   28.1   53.6
  NE        38.4    66.9    67.3    20.5   0.86   25.3   59.8
  W         41.1    78.7    92.0    20.2   0.93   29.6   63.1
  YG        25.9    47.9    46.2    13.3   0.76   17.7   53.9
  C         46.6    73.1    75.6    15.8   0.96   27.4   59.2
  Q         29.6    63.6    68.5    16.0   0.81   19.6   72.9
  IM        31.8    67.5    75.0    20.8   0.77   23.8   68.7
  CH        42.7    72.9    78.6    17.8   0.93   28.4   61.4

PM~2.5~, PM~10~, SO~2~, CO, NO~2~, O~3~: unit: μg/m^3^, and CO: unit: mg/m^3^. Regions are identified by the first capital letter: N: Northern; X: Xinjiang; E: Eastern (Yangtze River Delta); S: Southern (Pearl River Delta); SC: Sichuan basins; NE: Northeast; W: Weihe River Basin; YG: Yungui; C: Central; Q: Qinghai-Tibet; IM: Inner Mongolia; and CH: China.

The Weihe River Basin (41.1 μg/m^3^), Eastern region (40.2 μg/m^3^), Sichuan Basin (40.1 μg/m^3^), and Northeast region (38.4 μg/m^3^) have slightly lower mean PM~2.5~ concentrations than the national annual mean (42.7 μg/m^3^); Inner Mongolia (31.8 μg/m^3^), Southern (31.4 μg/m^3^), Qinghai-Tibet (29.6 μg/m^3^) have lower mean concentrations than the national mean; and Yungui has the lowest annual mean (25.9 μg/m^3^), which is 39% lower than the national annual mean. Diqing (13.2 μg/m^3^), Lijiang (14.5 μg/m^3^), and Dali (21.0 μg/m^3^) of Yungui, Ali (14.4 μg/m^3^), Yushu (16.0 μg/m^3^), and Lhasa (19.4 μg/m^3^) of Qinghai-Tibet, and Sanya (14.6 μg/m^3^), Haikou (18.6 μg/m^3^), Shanwei (24.2 μg/m^3^) of the Southern region are the cities with lowest annual mean.

From 2015 to 2019, the national annual mean PM~10~ was 78.6 μg/m^3^. Xinjiang (136.8 μg/m^3^), the Northern region (107.2 μg/m^3^), and the Weihe River Basin (92.0 μg/m^3^) were the regions with the highest annual mean concentration from 2015 to 2019. The value in Xinjiang was 74% higher than the national relative change. Hetian (341.8 μg/m^3^) and Kashi (310.2 μg/m^3^) of Xinjiang were the cities with highest annual mean concentration.

The Central region (75.6 μg/m^3^), Inner Mongolia (75.0 μg/m^3^), Qinghai-Tibet (68.5 μg/m^3^), the Northeast region (67.3 μg/m^3^), and the Sichuan Basin (66.0 μg/m^3^) had lower values than the national annual mean (78.6 μg/m^3^); Yungui (46.2 μg/m^3^) and the Southern region (50.4 μg/m^3^) had the lowest annual mean values.

Our results showing that the highest annual mean PM~2.5~ concentration occurred in the Northern region are consistent with the literature. For example, Zhang et al. simulated the concentration of annual mean PM~2.5~ in China from 2013 to 2017. The findings also show that the areas with the highest PM~2.5~ concentrations in China are distributed in the Northern region (Beijing, Tianjin and Hebei, and the surrounding areas), and the emission intensity in this region is the highest of any region in China \[[@pone.0227469.ref002]\]. Silver et al. found that the highest annual mean PM~2.5~ concentration was in Hebei, Henan and Shandong Province in the Northern region from 2015 to 2017, the median concentration in both provinces was \> 60 μg/m^3^ (we obtained an annual average median of 61 μg/m^3^ in the Northern region), the monitoring site of Guangdong in the Southern region (Pearl River Delta) had a low PM~2.5~ concentration, while the lowest PM~2.5~ concentration (20--25 μg/m^3^) was found in Hong Kong in the Pearl River Delta region and Tibet \[[@pone.0227469.ref017]\].

Our results showing that higher annual mean PM~10~ concentrations occurred in the Xinjiang Province are consistent with the literature. For example, Guo et al. also found that the maximum annual mean values of both PM~2.5~ and PM~10~ occurred in Xinjiang Province, which was determined to be primarily the result of mineral dust from the Taklimakan Desert \[[@pone.0227469.ref018]\]. Fan et al. also found that air pollution was most serious in Xinjiang Province from 2014 to 2018 \[[@pone.0227469.ref019]\]. However, the distribution obtained in this study was somewhat different from Zhang et al. \[[@pone.0227469.ref002]\]. This may be attributed to model uncertainty or the limited number of monitoring stations available in Xinjiang in this study.

Among key provincial capitals and well-known tourist cities, only one city, Sanya, has an annual mean PM~2.5~ of 14.6 μg/m^3^ that meets standard I (15 μg/m^3^) of China's ambient air quality standard (CAAQS). Only two cities, Sanya (28.4 μg/m^3^) and Haikou (35.0 μg/m^3^), have annual mean PM~10~ values that meet standard I (40 μg/m^3^) of the CAAQS. Beijing (PM~2.5~, 59.8 μg/m^3^; PM~10~, 88.8 μg/m^3^), Shanghai (41.3 μg/m^3^; 59.0 μg/m^3^), Guangzhou (33.5 μg/m^3^; 54.3 μg/m^3^), and Shenzhen (26.2 μg/m^3^; 44.4 μg/m^3^) all exceeded the first-level standard. During the 2014 analysis, Rohde et al. found that 92% of the Chinese population experienced unhealthy air (US EPA standards) for more than 120 hours, while 38% experienced an unhealthy average concentration. The population-weighted average PM~2.5~ exposure in China is 52 μg/m^3^. The observed air pollution causes 1.6 million deaths in China each year, accounting for approximately 17% of all deaths in China during 2014 \[[@pone.0227469.ref020]\]. In addition, we found that, despite Altay (10.7 μg/m^3^) being the city with the lowest concentration, the Altay region did not reach the annual average concentration of the WHO Air Quality Guidelines (AQG, 0--10 μg/m^3^).

### AQI {#sec006}

From 2015 to 2019, the national annual mean AQI was 72.9, from a regional perspective, Xinjiang (101.4), the Northern region (94.5), the Weihe River Basin (78.7), and the Central region (73.1) were the regions with the highest annual mean from 2015 to 2019 ([Table 1](#pone.0227469.t001){ref-type="table"}). The AQI in Xinjiang was 39% higher than the national annual mean, and Hetian (194.8), Kashi (179.1), Akesu (142.1), Kezhou (135.3), and Tulufan (119.2) in Xinjiang are the five cities with the highest annual mean in the country. Xingtai (119.2), Baoding (118.7), Anyang (118.5), Handan (118.2), and Shijiazhuang (116.6) in the Northern region are the cities with the highest annual mean.

Our results are consistent with the literature. For example, Zhan et al. showed that the AQI levels are higher in Northern China and Xinjiang Province and lower in Southern China, with spatial clustering \[[@pone.0227469.ref023]\]. Fang et al. indicated that urbanization has played an important negative role in determining air quality in Chinese cities. The population, urbanization rate, automobile density, and secondary industry proportion were all found to have had a significant influence over air quality \[[@pone.0227469.ref024]\]. Wang et al. showed that three dust source areas, namely, 'Northwesterly Sources', 'Northerly Sources', and 'Loess Plateau Source', and an anthropogenic 'Southerly Source' contributed to the high particulate matter concentrations at Xian of the Weihe River Basin \[[@pone.0227469.ref025]\].

Inner Mongolia (67.5), the Eastern region (67.5), the Northeast region (66.9), the Sichuan Basin (65.6), and Qinghai-Tibet (63.6) (sorted by annual mean) have lower AQI values than the national annual mean (72.9); Yungui (47.9) and Southern (52.4) have the lowest annual mean values. Diqing (34.4) and Lijiang (39.3) in Yungui and Sanya (33.9), Haikou (38.2), and Shenzhen (49.5) in the Southern region are the cities with lowest annual mean. This finding is consistent with a previous study \[[@pone.0227469.ref026]\].

### SO~2~ {#sec007}

From 2015 to 2019, the national annual mean SO~2~ was 17.8 μg/m^3^, from a regional perspective, the Northern region (26.9 μg/m^3^), Inner Mongolia (20.8 μg/m^3^), the Northeast region (20.5 μg/m^3^), and the Weihe River Basin (20.2 μg/m^3^) are the regions with the highest annual mean from 2015 to 2019 ([Table 1](#pone.0227469.t001){ref-type="table"}). The value in the Northern region was 51% higher than the national annual mean. Although the annual mean in Inner Mongolia was lower than that in the Northern region, it was still 17% higher than the national annual mean, indicating that the SO~2~ pollution in the Northern region is serious. Jinzhong (60.5 μg/m^3^) (in Shanxi Province) in the Northern region is the city with the highest annual mean in the country. Linfen (59.8 μg/m^3^), Lvliang (53.0 μg/m^3^) (in Shanxi Province), Xingtai (40.0 μg/m^3^), and Tangshan (37.6 μg/m^3^) in the Northern region; Wuhai (47.0 μg/m^3^), Baotou (30.0 μg/m^3^), and Hohhot (24.7 μg/m^3^) in Inner Mongolia; Jinzhou (43.6 μg/m^3^) and Huludao (39.8 μg/m^3^) in the Northeast region; and Shizuishan (50.4 μg/m^3^) and Yinchuan (43.8 μg/m^3^) in the Weihe River Basin are the cities with the highest annual mean.

Our results are consistent with the literature. For example, Zhang et al. also showed that SO~2~ pollution is the most serious in Wuhai in Inner Mongolia, followed by Hohhot and Baotou, and the lightest is in Ordos and Bayannur \[[@pone.0227469.ref027]\].

Qinghai-Tibet (16.0 μg/m^3^) and the Central region (15.8 μg/m^3^) have slightly lower values than the national annual mean (17.8 μg/m^3^). The SO~2~ concentrations in Yungui (13.3 μg/m^3^), the Sichuan Basin (13.4 μg/m^3^), the Eastern region (13.3 μg/m^3^), and Xinjiang (13.0 μg/m^3^) are similar; the Southern region (11.3 μg/m^3^) has the lowest annual mean. Sanya (2.9 μg/m^3^) and Haikou (5.0 μg/m^3^) in the Southern region, Fuzhou (5.5 μg/m^3^) and Ningde (6.0 μg/m^3^) in the Eastern region, Dali (6.5 μg/m^3^) in Yungui, and Bazhong (4.4 μg/m^3^) in the Sichuan Basin are the cities with low annual mean values. Our findings concur with the results showing the highest concentration distribution of SO~2~ in Shanxi and Hebei reported by Silver et al. \[[@pone.0227469.ref017]\].

### CO {#sec008}

From 2015 to 2019, the national annual mean CO was 0.93 mg/m^3^, from a regional perspective, the Northern region (1.17 mg/m^3^), Xinjiang (1.14 mg/m^3^), the Central region (0.96 mg/m^3^), and the Weihe River Basin (0.93 mg/m^3^) are the regions with the highest annual mean from 2015 to 2019 ([Table 1](#pone.0227469.t001){ref-type="table"}). The value in the Northern region was 26% higher than the national annual mean. Linfen (2.16 mg/m^3^) and Tangshan (2.00 mg/m^3^) in the Northern region are the cities with the highest annual mean in the country. Yilihasake (1.76 mg/m^3^) in Xinjiang is the city with the highest annual mean.

The Southern region (0.86 mg/m^3^), Northeast region (0.86 mg/m^3^), Eastern region (0.82 mg/m^3^), Sichuan Basin (0.81 mg/m^3^), and Qinghai-Tibet (0.81 mg/m^3^) have lower values than the national annual mean (0.93 mg/m^3^); the annual means in Yungui (0.76 mg/m^3^) and Inner Mongolia (0.77 mg/m^3^) were the lowest. Sanya (0.60 mg/m^3^), and Haikou (0.61 mg/m^3^) in the Southern region, Fuzhou (0.68 mg/m^3^) and Ningde (0.80 mg/m^3^) in the Eastern region, Dali (0.67 mg/m^3^) in Yungui, and Hulunbeier in Inner Mongolia are the cities with lowest annual mean.

### NO~2~ {#sec009}

From 2015 to 2019, the national annual mean NO~2~ was 28.4 μg/m^3^, from a regional perspective, the Northern region (36.6 μg/m^3^), Weihe River Basin (29.6 μg/m^3^), and Eastern region (32.7 μg/m^3^) were the regions with the highest annual mean from 2015 to 2019 ([Table 1](#pone.0227469.t001){ref-type="table"}). The value in the Northern region was 26% higher than the national annual mean. Tangshan (55.9 μg/m^3^) and Xingtai (53.2 μg/m^3^) in the Northern region are the cities with the highest annual mean in the country. Xian (50.0 μg/m^3^) in the Weihe River Basin and Huzhou (49.3 μg/m^3^) and Suzhou (46.2 μg/m^3^) in the Eastern region are the cities with the highest annual mean values.

The fast developing resource and pollution intensive industries along with the 'Go West' movement and weak emission controls \[[@pone.0227469.ref028]\] contributed to the higher rate of increase in NO~2~ over the Western region from 2005--2013 than over that over the Southwestern, Northern, Eastern, and Southern regions.

The annual mean values in the Sichuan Basin (28.1 μg/m^3^), Xinjiang (27.1 μg/m^3^), and the Central region (27.4 μg/m^3^) are similar, the values in the Northeast region (25.3 μg/m^3^), Inner Mongolia (23.8 μg/m^3^), and the Southern region (22.9 μg/m^3^) are lower than the national annual mean. Chengdu (45.0 μg/m^3^) has the highest annual mean in the Sichuan Basin, Yungui (17.7 μg/m^3^) and Qinghai-Tibet (19.6 μg/m^3^) have the lowest annual mean, Lijiang (11.3 μg/m^3^) in Yungui and Linzhi in Qinghai-Tibet are the cities with the lowest annual mean. Silver et al. also found higher concentrations of NO~2~ in Tianjin, Hebei, Beijing, and Shanghai in the east and Hong Kong and Chongqing in the Sichuan Basin \[[@pone.0227469.ref017]\].

We found that NO~2~ shows a different trend in cities in the same region. The concentration in certain cities has increased, while the concentration in nearby cities has decreased, although they are in the same region ([Fig 1](#pone.0227469.g001){ref-type="fig"}). Krotkov et al. also found that NO~2~ has a large spatial heterogeneity \[[@pone.0227469.ref009]\]. Silver et al. suggested that the trend of spatial heterogeneity of NO~2~ may be partly due to its relatively short lifespan \[[@pone.0227469.ref017]\].

![Sign of the annual average relative change (trend, %) from 2015 to 2019 (green: Significantly negative, and red: Significantly positive).](pone.0227469.g001){#pone.0227469.g001}

### O~3~ {#sec010}

From 2015 to 2019, the national annual mean O~3~ was 61.4 μg/m^3^, from a regional perspective, Qinghai-Tibet (72.9 μg/m^3^), Inner Mongolia (68.7 μg/m^3^), the Northern region (67.4 μg/m^3^), the Weihe River Basin (63.1 μg/m^3^), the Eastern region (63.0 μg/m^3^), and Xinjiang (61.8 μg/m^3^) had a higher annual mean (median) concentration from 2015 to 2019 ([Table 1](#pone.0227469.t001){ref-type="table"}). The value in Qinghai-Tibet was 9% higher than the national annual mean. Lhasa, Haibeizhou, Haixizhou, and Guoluozhou in Qinghai-Tibet and Alashanmeng in Inner Mongolia are the cities with the highest annual mean in the country. High O~3~ concentrations in the city of Lhasa of Tibet may be associated with stronger photochemical reactions, vertical mixing and downward transport of stratospheric air mass.

The annual mean values of the Northeast region (59.8 μg/m^3^) and the Central region (59.2 μg/m^3^) were similar and slightly lower than the national annual mean (61.4 μg/m^3^). The Southern region (55.2 μg/m^3^), Yungui (53.9 μg/m^3^), and the Sichuan Basin (53.6 μg/m^3^) had the lowest annual mean values. Chengdu (45.0 μg/m^3^) had the highest annual mean in the Sichuan Basin. Chongqing (41.5 μg/m^3^) and Bazhong (44.1 μg/m^3^) in the Sichuan Basin and Xishuangbanna (37.9 μg/m^3^), Nujiang (42.2 μg/m^3^), and Dehong (44.7 μg/m^3^) in Yungui were the cities with the lowest annual mean.

Silver et al. also found that the highest concentrations of the O~3~ were in high-altitude provinces in Tibet and Qinghai and Hong Kong, while Chongqing had the lowest O~3~ concentration \[[@pone.0227469.ref017]\]. Obviously, the spatial distribution of O~3~ is different from the spatial distribution of the above pollutants.

Changes over time {#sec011}
-----------------

### PM~2.5~ {#sec012}

Nationally, the annual average relative change was -7.4% and annual average relative change of 93% cities was negative from 2015 to 2019. The annual mean of PM~2.5~ decreased continuously year by year. The annual mean in 2019 was 27.9% (relative change) lower than that in 2015. Compared with 2015, the annual mean of 350 cities decreased in 2019 (Tables [2](#pone.0227469.t002){ref-type="table"}--[5](#pone.0227469.t005){ref-type="table"}; S1--S9 Tables in [S1 File](#pone.0227469.s001){ref-type="supplementary-material"}; Figs [1](#pone.0227469.g001){ref-type="fig"} and [2](#pone.0227469.g002){ref-type="fig"}). The number of cities where PM~2.5~ meets the air quality guidelines of WHO (annual mean 0--10 μg/m^3^) has increased from 0 in 2015 to 3 in 2019. The number of cities where PM~2.5~ reached target 1 of the transition period of WHO (annual mean 25--35 μg/m^3^) has increased from 53 in 2015 to 119 in 2019. In comparison with 2017 \[[@pone.0227469.ref018]\], there are more cities which meets the WHO guidelines and the WHO target 1 transition period (annual mean 25--35 μg/m^3^). Our results are comparable with literature. For example, Zheng et al. found that since the \"Action Plan\" was implemented, the annual mean of national population-weighted PM~2.5~ has decreased by 21.5%, from 60.5 μg/m^3^ in 2013 to 47.5 μg/m^3^ in 2015 \[[@pone.0227469.ref029]\]. Silver et al. found that the decline rate of PM~2.5~ was maintained between 2015 and 2017. Among the 1689 monitoring stations in China, 58.4% have undergone a significant relative change in PM~2.5~, 90% of which are negative \[[@pone.0227469.ref017]\]. Lin et al. used satellite data to suggest that the Chinese PM~2.5~ trend steepened from -0.65 μg/m^3^ year^-1^ between 2006--2010 to -2.3 μg/m^3^ year^-1^ between 2011 and 2015 \[[@pone.0227469.ref030]\]. The Statistical Communique of the People's Republic of China (SCPRC) shows that the total amount of particulate emissions decreased year by year from 15.38 million tons to 7.96 million tons from 2015 to 2017, and it decreased by 48.2% from 2015 to 2017, which is the key factor for the downward trend of PM~2.5~ (PM~10~) \[[@pone.0227469.ref031]--[@pone.0227469.ref033]\].

![Annual average relative change from 2015 to 2019 in pollutants by region.\
The mean (□), median (---), 1% (×). 99% (×), maximum (---), minimum (---), and interquartile range (IQR) of the trend in each region is shown.](pone.0227469.g002){#pone.0227469.g002}

10.1371/journal.pone.0227469.t002

###### Annual average relative change (%) of pollutants from 2015 to 2019, regions are indicated by the first capital letter.

![](pone.0227469.t002){#pone.0227469.t002g}

  Regions   PM~2.5~   AQI    PM~10~   SO~2~   CO      NO~2~   O~3~
  --------- --------- ------ -------- ------- ------- ------- ------
  N         -7.0      -4.7   -5.6     -21.8   -9.2    -2.5    6.7
  X         -3.0      -2.1   -0.7     -13.3   -8.5    0.7     7.0
  E         -8.4      -6.3   -6.8     -17.5   -5.8    -3.8    4.0
  S         -6.5      -4.7   -4.8     -8.9    -4.8    -1.5    2.4
  SC        -7.5      -6.9   -9.1     -13.5   -5.7    -1.6    3.2
  NE        -8.7      -6.6   -7.0     -16.8   -6.8    -6.2    2.5
  W         -7.3      -5.1   -5.9     -16.0   -10.6   -1.3    4.2
  YG        -4.9      -4.1   -5.6     -12.5   -3.8    -1.9    3.8
  C         -6.8      -4.7   -5.6     -17.8   -4.9    -1.5    7.0
  Q         -16.3     -9.4   -14.1    -11.8   -3.7    -1.4    5.8
  IM        -9.9      -6.7   -7.3     -14.3   -8.3    -2.5    3.2
  CH        -7.4      -5.3   -5.9     -16.3   -6.7    -2.5    4.8

10.1371/journal.pone.0227469.t003

###### Relative change (%) of pollutants between 2015 and 2019, regions are indicated by the first capital letter.

![](pone.0227469.t003){#pone.0227469.t003g}

  Regions   PM~2.5~   AQI     PM~10~   SO~2~   CO      NO~2~   O~3~
  --------- --------- ------- -------- ------- ------- ------- ------
  N         -26.6     -17.8   -20.5    -63.9   -32.0   -9.9    29.0
  X         -17.5     -10.7   -11.0    -42.9   -33.5   -0.1    26.5
  E         -30.3     -23.3   -25.2    -54.5   -21.8   -15.6   13.2
  S         -24.8     -18.6   -18.9    -32.2   -19.5   -7.3    9.5
  SC        -28.3     -25.8   -33.0    -44.8   -22.7   -9.1    10.7
  NE        -33.0     -24.9   -27.0    -53.8   -26.4   -23.5   8.3
  W         -27.7     -20.7   -24.7    -50.9   -37.2   -5.5    15.2
  YG        -20.6     -16.3   -22.5    -40.1   -16.7   -8.5    14.1
  C         -26.2     -18.2   -21.2    -55.7   -18.8   -7.9    29.5
  Q         -52.7     -34.9   -52.2    -42.6   -21.9   -7.1    7.1
  IM        -35.8     -25.7   -30.1    -47.3   -30.0   -12.2   12.1
  CH        -27.9     -20.5   -23.8    -51.2   -25.3   -10.6   18.3

10.1371/journal.pone.0227469.t004

###### Quantity of cities showing '\< 0' and '\> 0' of relative change between 2015 and 2019, regions are indicated by the first capital letter.

![](pone.0227469.t004){#pone.0227469.t004g}

  Regions   PM~2.5~   PM~10~   AQI   SO~2~   CO    NO~2~   O~3~                                  
  --------- --------- -------- ----- ------- ----- ------- ------ --- ----- ---- ----- ---- ---- -----
  N         68        3        66    5       66    5       71     0   66    5    53    18   6    65
  X         14        2        14    2       14    2       16     0   16    0    10    6    5    11
  E         48        0        48    0       48    0       47     1   47    1    43    5    9    39
  S         37        0        37    0       37    0       34     3   37    0    29    8    12   25
  SC        21        1        22    0       22    0       20     2   20    2    18    4    7    15
  NE        37        1        38    0       38    0       38     0   35    3    37    1    11   27
  W         29        0        29    0       29    0       29     0   28    1    21    8    5    24
  YG        20        4        21    3       21    3       22     2   20    4    21    3    6    18
  C         54        1        52    3       52    3       55     0   51    4    43    12   2    53
  Q         11        0        11    0       11    0       11     0   9     2    7     4    3    8
  IM        11        0        11    0       11    0       11     0   10    1    7     4    1    10
  CH        350       12       349   13      349   13      354    8   339   23   289   73   67   295

10.1371/journal.pone.0227469.t005

###### Quantity of cities showing '\< 0' and '\> 0' of annual average relative change from 2015 to 2019, regions are indicated by the first capital letter.

![](pone.0227469.t005){#pone.0227469.t005g}

  Regions   PM~2.5~   PM~10~   AQI   SO~2~   CO    NO~2~   O~3~                                   
  --------- --------- -------- ----- ------- ----- ------- ------ ---- ----- ---- ----- ---- ---- -----
  N         66        5        65    6       65    6       71     0    65    6    51    20   5    66
  X         10        6        14    2       14    2       16     0    16    0    10    6    3    13
  E         48        0        48    0       48    0       46     2    47    1    42    6    7    41
  S         37        0        37    0       37    0       34     3    35    2    27    10   10   27
  SC        21        1        22    0       22    0       20     2    18    4    14    8    6    16
  NE        36        2        38    0       38    0       37     1    35    3    36    2    9    29
  W         27        2        27    2       27    2       29     0    28    1    21    8    3    26
  YG        18        6        21    3       21    3       22     2    20    4    18    6    5    19
  C         51        4        52    3       52    3       53     2    50    5    41    14   2    53
  Q         11        0        11    0       11    0       10     1    7     4    7     4    3    8
  IM        11        0        11    0       11    0       11     0    9     2    7     4    1    10
  CH        336       26       346   16      346   16      349    13   330   32   274   88   54   308

From a regional perspective, the relative change in the annual mean (median) of PM~2.5~ in all regions from 2015 to 2019 was negative. Qinghai-Tibet (-16.3%), Inner Mongolia (-9.9%), the Northeast region (-8.7%), the Eastern region (-8.4%), and the Sichuan Basin (-7.5%) are the regions with a rapid decline (sorted by relative change). The average change in Qinghai-Tibet was 120% higher than the national relative change. Ali (-20%) of the Qinghai-Tibet, Hegang (-33.9%) and Baicheng (-18.8%) in the Northeast region, and Haimen (-14.4%) and Jinhua (-12.7%) in the Eastern region are the cities with a faster decline.

Yin et al. showed that the 'Lhasa pattern' of Qinghai-Tibet may serve as a positive example for other regional hub cities. Effective air pollution control measures collectively contributed to the synchronous improvement of the economy and air quality in Lhasa, moreover, lower concentrations of air pollutants are observed in Lhasa except for O~3~ because of the relatively isolated location, low air pollutant emissions associated with its industrial structure and renewable energy consumption \[[@pone.0227469.ref034]\]. Qiu et al. showed that in Baotou, which is a typical industrial city in Inner Mongolia for evaluating the current national control measures, that the total emissions of SO~2~, NO~X~, and PM~2.5~ were 211.2 Gg, 156.1 Gg, and 28.8 Gg in 2013, respectively, and should be reduced to 39.0%, 32.0%, and 24.4% in 2020, respectively. Even for a typical industrial city, the reduction of PM~2.5~ concentrations not only requires decreases in emissions from the industrial sector as well as residential sources \[[@pone.0227469.ref035]\]. Zheng et al. showed that the emission reduction rates markedly accelerated after the year 2013, thus confirming the effectiveness of China's Clean Air Action policy. From 2013--2017, China's anthropogenic emissions decreased by 59 % for SO~2~, 21 % for NOx, 23 % for CO, 36 % for PM~10~, and 33 % for PM~2.5~. Emission control measures are the main drivers of this reduction, and pollution controls on power plants and industries are the most effective mitigation measures \[[@pone.0227469.ref036]\].

The Weihe River Basin (-7.3%), the Northern region (-7.0%), the Central region (-6.8%), and the Southern region (-6.5%) have slightly lower values than the national relative change. Yungui has second lowest relative change (-4.9%) because it has the lowest concentration in the country, and there is little room for a decrease. Xinjiang has the lowest relative change (-3.0%), which is 59% lower than the national relative change, but Xinjiang has second highest concentration in the country. Xinjiang has the characteristics of high pollution and low improvement. This is at least partially due to the natural PM sources, such as dust. Lu et al. showed that the high PM~2.5~ concentration was mainly affected by sand and dust in the northwest of China and by human activities in the eastern region \[[@pone.0227469.ref037]\]. Zhang et al. showed that in western China, dust particles are very important for PM~2.5~ and the current control strategy of PM~2.5~ (that is, reducing VOC and PM emissions from fossil / non-fossil combustion) will only partially reduce the pollution of PM~2.5~ of the western region \[[@pone.0227469.ref015]\]. Cai et al. noted that with the implementation of the "Action Plan", the emissions of SO~2~, NO~X~, and PM~2.5~ will decrease by 40%, 44%, and 40% in 2020, from the 2012 levels in Jing-Jin-Ji, respectively. Consequently, the ambient annual PM~2.5~ concentration of 2020 will be 37.8% lower than that in 2012. Thus, the "Action Plan" provided an effective approach for alleviating PM~2.5~ pollution levels in the Jing-Jin-Ji region \[[@pone.0227469.ref003]\].

From 2015 to 2019, the relative changes in the three major economic belts in the Northern, Eastern (Yangtze River Delta), and Southern regions (Pearl River Delta) are -26.6%, -30.3%, and -24.8%, respectively. Zhang et al. also noted that national and regional concentrations declined in all years from 2013 to 2017, the PM~2.5~ of the Northern region (Beijing, Tianjin, Hebei and the surrounding areas), the Yangtze River Delta and the Pearl River Delta have decreased by 38%, 27%, and 21%, respectively \[[@pone.0227469.ref002]\]. Silver et al. found that the relative changes in the median PM~2.5~ in all provinces except Shanxi and Jiangxi from 2015 to 2017 showed a negative trend \[[@pone.0227469.ref017]\]. At the same time, Lin et al. also estimated consistent trends in satellite data from 2011 to 2015 \[[@pone.0227469.ref030]\]. Jiang et al. estimated that the \"Action Plan\" would decrease the PM~2.5~ by 26%, SO~2~ by 34%, and NO~2~ by 28% in the Pearl River Delta \[[@pone.0227469.ref004]\].

### PM~10~ {#sec013}

Nationally, the annual average relative change was -5.9% and the annual average relative change of 96% of cities was negative from 2015 to 2019. The annual mean PM~10~ decreased continuously year by year. The annual mean in 2019 was 23.8% (relative change) lower than that in 2015, compared with 2015, the annual mean of 349 cities decreased in 2019 (Tables [2](#pone.0227469.t002){ref-type="table"}--[5](#pone.0227469.t005){ref-type="table"}; S10--S18 Tables in [S1 File](#pone.0227469.s001){ref-type="supplementary-material"}; Figs [1](#pone.0227469.g001){ref-type="fig"} and [2](#pone.0227469.g002){ref-type="fig"}). The number of cities where PM~10~ meets the air quality guidelines of WHO (annual mean 20 μg/m^3^) increased from 0 in 2015 to 3 in 2019; the number of cities where PM~10~ reached target 3 of the transition period of WHO (annual mean 20--30 μg/m^3^) increased from 1 in 2015 to 8 in 2019; the number of cities where PM~10~ reached target 1 of the transition period of WHO (annual mean \< 70 μg/m^3^) increased from 117 in 2015 to 229 in 2019. Guo et al. reported that the number of cities where PM~10~ reached target 3 of the transition period of WHO (annual mean 20--30 μg/m^3^) increased from 3 in 2015 to 8 in 2017. The number of cities where PM~10~ reached target 1 of the transition period of WHO (annual mean \< 70 μg/m^3^) increased from 123 in 2015 to 182 in 2017, compared with 2015, the annual mean of 309 cities decreased in 2017 \[[@pone.0227469.ref018]\].

From a regional perspective, the relative change in the annual mean (median) PM~10~ in all regions from 2015 to 2019 was negative. Qinghai-Tibet (-14.1%), the Sichuan Basin (-9.1%), Inner Mongolia (-7.3%), the Northeast region (-7.0%), and the Eastern region (-6.8%) are the regions with a rapid decline (sorted by relative change). The value in Qinghai-Tibet was 139% higher than the national relative change. Naqu (-24.1%) and Guoluo (-23.7%) in Qinghai-Tibet, Chengdu (-11.6%) and Zigong (-10.7%) in the Sichuan Basin, and Hulunbeier (-14.7%) in Inner Mongolia are the cities with the fasted decline.

The values in the Weihe River Basin (-5.9%), the Northern region (-5.6%), the Central region (-5.6%), and Yungui (-5.6%) are equal to or slightly lower than the national relative change (-5.9%). The Southern region has a lower relative change (-4.8%) because it has the lower concentration in the country and, thus, there is not much room for a decrease. Xinjiang has the lowest relative change (-0.7%), which is 88% lower than the national relative change, but Xinjiang has the highest concentration in the country. Xinjiang has the characteristics of high pollution and low improvement.

From 2015 to 2019, the relative changes in the three major economic belts in the Northern, Eastern (Yangtze River Delta), and Southern regions (Pearl River Delta) were -20.5%, -25.2%, and -18.9%, respectively. Beijing, Shanghai, Guangzhou, and Shenzhen have values of -11.0%, -10.3%, -5.1%, and -4.5%, respectively, no city exceeded the national relative change of -23.8%.

### AQI {#sec014}

Nationally, the annual average relative change was -5.3% and the annual average relative change of 96% cities was negative from 2015 to 2019. The annual mean AQI decreased continuously year by year. The annual mean in 2019 was 20.5% (relative change) lower than that in 2015. The annual mean of 349 cities decreased in 2019 (Tables [2](#pone.0227469.t002){ref-type="table"}--[5](#pone.0227469.t005){ref-type="table"}; S19--S27 Tables in [S1 File](#pone.0227469.s001){ref-type="supplementary-material"}; Figs [1](#pone.0227469.g001){ref-type="fig"} and [2](#pone.0227469.g002){ref-type="fig"}).

From a regional perspective, the relative change in the annual mean (median) AQI in all regions from 2015 to 2019 was negative. Qinghai-Tibet (-9.4%), the Sichuan Basin (-6.9%), Inner Mongolia (-6.7%), the Northeast region (-6.6%), and the Eastern region (-6.3%) are the regions with a rapid decline (sorted by relative change). The value in Qinghai-Tibet was 74% higher than the national relative change.

The values in the Weihe River Basin (-5.1%), the Northern region (-4.7%), the Central region (-4.7%), and the Southern region (-4.7%) are slightly lower than the national relative change (-5.3%). Yungui has the lowest relative change (-4.1%) because it has the lowest concentration in the country and there is little room for a decrease. Xinjiang has the lowest relative change (-2.1%), which is 60% lower than the national relative change. Xinjiang also has the highest concentration in the country. Xinjiang has the characteristics of high pollution and low improvement.

From 2015 to 2019, the relative changes in the three major economic belts in the Northern region, the Yangtze River Delta, and the Pearl River Delta were -17.8%, -23.3%, and -18.6%, respectively. Beijing, Shanghai, Guangzhou, and Shenzhen exhibited changes of -36.7%, -29.7%, -18.9%, and -14.8%, respectively. Beijing and Shanghai exceeded the national relative change of -20.5%.

### SO~2~ {#sec015}

Nationally, the annual average relative change was -16.3% and the annual average relative change of 96% cities was negative from 2015 to 2019. The annual mean SO~2~ decreased continuously year by year. Silver et al. also found that the annual average relative change of 90% of monitoring stations was negative from 2015 to 2017 \[[@pone.0227469.ref017]\]. The annual mean in 2019 was 51.2% (relative change) lower than that in 2015. Compared with 2015, the annual mean of 354 cities decreased in 2019 (Tables [2](#pone.0227469.t002){ref-type="table"}--[5](#pone.0227469.t005){ref-type="table"}; S28--S36 Tables in [S1 File](#pone.0227469.s001){ref-type="supplementary-material"}; Figs [1](#pone.0227469.g001){ref-type="fig"} and [2](#pone.0227469.g002){ref-type="fig"}), the number of cities where SO~2~ meets limit of Level 1 of the ambient air quality standard of China (GB 3095--2012) (annual mean 0--20 μg/m^3^) increased from 157 in 2015 to 342 in 2019. Guo et al. reported that number of cities where SO~2~ meets limit of Level 1 of the ambient air quality standard of China (GB 3095--2012) (annual mean 0--20 μg/m^3^) increased from 153 in 2015 to 268 in 2017 \[[@pone.0227469.ref018]\].

From a regional perspective, the annual average relative changes in the mean (median) in all regions from 2015 to 2019 were negative. The Northern (-21.8%), Central (-17.8%), Eastern (-17.5%), and Northeast regions (-16.8%) were the regions with a rapid decline (sorted by relative change). The change in the Northern region was 34% higher than the national annual average relative change. Zhumadian (-35.5%), Sanmenxia (-32.4%) in the Northern region, Fuyang (-32.0%), Yiyang (-32.0%), and Bozhou (-31.5%) in the Central region, Zhuji (-29.8%) and Shaoxing (-29.4%) in the Eastern region, and Tonghua (-27.6%) and Mudanjiang (-27.1%) in the Northeast region were the cities with the fastest decline.

Huang et al. reported that the largest reductions in annual sulphur dioxide and carbon monoxide concentrations occurred in the Beijing-Tianjin-Hebei region from 2013 to 2017 \[[@pone.0227469.ref038]\].

The Weihe River Basin (-16.0%), Inner Mongolia (-14.3%), the Sichuan Basin (-13.5%), and Xinjiang (-13.3%) had slightly lower values than the national relative change (-16.3%). Yungui (-12.5%), Qinghai-Tibet (-11.8%) and the Southern region (-8.9%) had the lowest relative change because these regions have almost the lowest concentrations in the country, thus, there is little room for a decrease. Compared with other pollutants, it can be seen that the SO~2~ in all regions of the country has decreased significantly, the minimum value is also -8.9%, and all regions have greatly improved.

From 2015 to 2019, the relative changes in the three major economic belts in the Northern region, the Yangtze River Delta, and the Pearl River Delta were -63.9%, -54.5%, and -32.2%, respectively. Huang et al. also reported that in the Beijing-Tianjin-Hebei region, reductions of 63.5% occurred for sulphur dioxide and 30.5% occurred for carbon monoxide from 2013 to 2017 \[[@pone.0227469.ref038]\].

### CO {#sec016}

Nationally, the annual average relative change was -6.7% and annual average relative change of 91% cities was negative from 2015 to 2019. The annual mean CO value decreased continuously year by year (Tables [2](#pone.0227469.t002){ref-type="table"}--[5](#pone.0227469.t005){ref-type="table"}; S37--S45 Tables in [S1 File](#pone.0227469.s001){ref-type="supplementary-material"}; Figs [1](#pone.0227469.g001){ref-type="fig"} and [2](#pone.0227469.g002){ref-type="fig"}). The number of cities where CO meets Level 1 of the ambient air quality standard of China (GB 3095--2012) (annual mean 0--40 μg/m^3^) increased from 180 in 2015 to 328 in 2019. Guo et al. also reported that the number of cities where CO meets Level 1 of ambient air quality standard of China (GB 3095--2012) (annual mean 0--40 μg/m^3^) increased from 181 in 2015 to 241 in 2017 \[[@pone.0227469.ref018]\].

From a regional perspective, annual average relative changes in the mean (median) values in all regions from 2015 to 2019 were negative. The Weihe River Basin (-10.6%), the Northern region (-9.2%), Xinjiang (-8.5%), Inner Mongolia (-8.3%), and the Northeast region (-6.8%) were the regions with a rapid decline (sorted by relative change). The Weihe River Basin was 58% higher than the national annual average relative change. Weiwu (-24.4%) and Shangluo (-19.2%) in the Weihe River Basin, Lvliang (-22.7%) and Dezhou (-20.3%) in the Northern region, Aletai (-16.3%) and Hetian (-14.7%) in Xinjiang, and Xilinguolemeng (-21.5%) and Alashanmeng (-14.2%) in Inner Mongolia were the cities with the fastest decline.

The values in the Eastern region (-5.8%), Sichuan Basin (-5.7%), Central region (-4.9%), and Southern region (-4.8%) were slightly lower than the national relative change (-6.7%). Yungui (-3.8%), Qinghai-Tibet (-3.7%) had the lowest relative change because it has the almost lowest concentration in the country, thus, there is little room for a decrease.

From 2015 to 2019, the relative changes in the three major economic belts in the Northern region, the Yangtze River Delta, and the Pearl River Delta were -32.0%, -21.8%, and -19.5%, respectively.

Huang et al. reported that in the Beijing-Tianjin-Hebei region, reductions of 30.5% occurred for carbon monoxide from 2013 to 2017 \[[@pone.0227469.ref038]\]. Streets et al. showed that emissions of carbon monoxide are projected to decline from 115 mt in 1995 to 96.8 mt in 2020 due to more efficient combustion techniques, especially in the transportation sector, although if these measures are not realized, carbon monoxide emissions could increase to 130 mt by 2020 \[[@pone.0227469.ref039]\].

### NO~2~ {#sec017}

Zhao et al. found a nonlinear relationship between PM~2.5~ and the precursor NO~2~ and showed that the effects of strengthened vehicle emission standards on national air quality improvement were hindered by the complex nonlinear response of the PM~2.5~ concentration to NOx emissions \[[@pone.0227469.ref040]\].

Nationally, the annual average relative change was only -2.5% and the annual average relative change of only 76% cities was negative from 2015 to 2019 (Tables [2](#pone.0227469.t002){ref-type="table"}--[5](#pone.0227469.t005){ref-type="table"}; Tables S46--S54 in [S1 File](#pone.0227469.s001){ref-type="supplementary-material"}; Figs [1](#pone.0227469.g001){ref-type="fig"} and [2](#pone.0227469.g002){ref-type="fig"}). From 2017 to 2019, compared with 2015 to 2017, China's NO~2~ exhibited a significant downward trend; the annual mean (annual average median) values of NO~2~ in 2015, 2016, and 2017 were 29.2 μg/m^3^ (28.4 μg/m^3^), 29.4 μg/m^3^ (28.4 μg/m^3^), and 30.3 μg/m^3^ (29.2 μg/m^3^), respectively, demonstrating that NO~2~ pollution did not improve from 2015 to 2017. Silver et al. reported that the annual average relative change in the annual average median NO~2~ from 2015 to 2017 was 0.1%, and there was no median trend, the relative change of the sites of 46% showed a negative trend, and our results are consistent with the results of Silver et al. \[[@pone.0227469.ref017]\]. Guo et al. also reported that the annual average NO~2~ concentration from 2015 to 2017 hardly changed \[[@pone.0227469.ref018]\]. The number of cities where NO~2~ meets Level 1 of the ambient air quality standard of China (GB 3095--2012) (annual mean \< 40 μg/m^3^) increased from 294 in 2015 to 338 in 2019. Guo et al. reported that the number of cities where NO~2~ meets Level 1 of the ambient air quality standard of China (GB 3095--2012) (annual mean \< 40 μg/m^3^) increased from 299 in 2015 to 301 in 2017 \[[@pone.0227469.ref018]\]. These results are consistent with the trend we found. By 2019, our research found that the NO~2~ concentration was reduced and pollution was improved.

From a regional perspective, the annual average relative changes in the mean (median) in regions from 2015 to 2019 were negative. The Northeast (only -6.2%) and Eastern (only -3.8%) regions are the regions with a fast decline (sorted by relative change). The value in the Northeast region was 148% higher than the national annual average relative change. Songyuan (-15.1%) and Suihua (-13.6%) in the Northeast region and Shaoxing (-12.7%) and Quzhou (-10.0%) in the Eastern region are the cities with the fastest decline.

The Northern region (-2.5%) and Inner Mongolia (-2.5%) are equal to the national annual average relative change. Yungui (-1.9%), Sichuan Basin (-1.6%), the Central region (-1.5%), the Southern region (-1.5%), and Qinghai-Tibet (-1.4%) have lower values than the national annual average relative change (-2.5%). Xinjiang has a positive annual average relative change (+0.7%) because Hami (+20.7%) in the Xinjiang region is the city with the fastest increasing rate. However, Xinjiang has a high concentration throughout the country. Xinjiang has the characteristics of high pollution and low improvement.

From 2015 to 2019, the relative changes in the three major economic belts in the Northern, the Eastern (Yangtze River Delta), and Southern (Pearl River Delta) regions were -9.9%, -15.6%, and -7.3%, respectively.

Huang et al. reported that a key strength of the Air Pollution Prevention and Control Action Plan (APPCAP) is that it demonstrates China's ability to control air pollution. However, the emissions control efforts for O~3~ and NO~2~ require further attention and should be strengthened because the average annual O~3~ concentrations increased from 139.2 μg/m^3^ in 2013 to 162.9 μg/m^3^ in 2017 in the 74 key cities while average annual NO~2~ concentrations only decreased from 43.9 μg/m^3^ in 2013 to 39.2 μg/m^3^ in 2017 \[[@pone.0227469.ref038]\].

### O~3~ {#sec018}

Nationally, the annual average relative change was 4.8% and the annual average relative change of 85% cities was positive from 2015 to 2019. The annual mean in 2019 was 18.3% (relative change) higher than that in 2015. Compared with 2015, the annual mean of 295 cities increased in 2019 (Tables [2](#pone.0227469.t002){ref-type="table"}--[5](#pone.0227469.t005){ref-type="table"}; S55--S63 Tables in [S1 File](#pone.0227469.s001){ref-type="supplementary-material"}; Figs [1](#pone.0227469.g001){ref-type="fig"} and [2](#pone.0227469.g002){ref-type="fig"}), the number of cities with a value greater than 60.0 μg/m^3^ increased from 123 in 2015 to 235 in 2019, which indicates that O~3~ should become the new focus in the prevention of air pollution. Verstraeten et al. reported that satellite observations show that from 2005 to 2010, the concentration of China's ozone (O~3~) steadily increased at a rate of 7% per year \[[@pone.0227469.ref010]\]. Silver et al. found that in contrast to PM~2.5~ and SO~2~, the annual mean O~3~ MDA8 exhibited a positive median trend of 4.6 μg m^−3^ year^−1^ or 5.2% year^−1^. A total of 55% of stations exhibited significant trends, and of these, 92% were positive. Across all stations, the percentage of days where the WHO AQG (100 μg/m^3^) was exceeded for MDA8 rose from 9.8% in 2015 to 12.4% in 2017. The annual mean O~3~ values showed similar relative and absolute trends, which is consistent with our results \[[@pone.0227469.ref017]\].

From a regional perspective, the annual average relative changes in the mean (median) in all regions from 2015 to 2019 were positive. Xinjiang (7.0%), the Central region (7.0%), the Northern region (6.7%), and Qinghai-Tibet (5.8%) were the regions with a rapid increase (sorted by relative change). Hami (22.6%) in Xinjiang and Chuzhou (37.1%) and Wuhu (19.4%) in the Central region were the cities with the fastest rates of increase.

Li et al. reported that a more important factor for ozone trends in the North China Plain is the 40% decrease of PM~2.5~ over the 2013--2017 period, which slowed down the aerosol sink of HO~2~ radicals and stimulated O~3~ production \[[@pone.0227469.ref041]\].

The Weihe River Basin (4.2%), the Eastern region (4.0%), Yungui (3.8%), Inner Mongolia (3.2%), and the Sichuan Basin (3.2%) had lower values than the national relative change (4.8%). The Southern region (2.4%) and the Northeast region (2.5%) had the lowest relative changes.

Li et al. reported that from 2013--2017, increasing ozone trends of 1--3 ppbv a^−1^ occurred in the megacity clusters of eastern China, which we attribute to changes in anthropogenic emissions. Anthropogenic NOx emissions in China are estimated to have decreased by 21%, whereas volatile organic compounds (VOCs) emissions changed little. Decreasing NOx would increase ozone under the VOC-limited conditions thought to prevail in urban China \[[@pone.0227469.ref041]\].

From 2015 to 2019, the relative changes in the three major economic belts in the Northern region, the Yangtze River Delta, and the Pearl River Delta were 29.0%, 13.2%, and 9.5%, respectively.

Factors contributing to the decrease in air pollutant levels {#sec019}
------------------------------------------------------------

A number of policy actions contributed to the decrease in PM~2.5~, SO~2~, NO~2~, and CO levels. Firstly, the emission standards of thermal power plants and all emission-intensive industrial sectors (such as steel and cement) have been strengthened. By the end of 2017, more than 95% of China's coal-fired power plants were equipped with flue gas desulfurization (FGD) and selective catalytic reduction (SCR) or selective non-catalytic reduction (SNCR) systems and 71% of the coal-fired power generation capacity reached the \"ultra-low emission\" standard. In addition, industrial boiler were upgraded and small coal-fired boilers were eliminated, which was important because large-scale operation boilers are widely equipped with SO~2~ and particulate matter control devices. The elimination of backward industries phases out obsolete or inefficient technology in various industries and allows for structural adjustments. In addition, clean fuel was promoted in the residential sector and advanced stoves and clean coal nationwide were promoted from 2013 to 2016. In 2017, the use of natural gas and electricity to replace coal was further promoted, which affected 6 million households nationwide, of which 4.8 million were located in the Beijing-Tianjin-Hebei area and surrounding areas. The benefits of promoting clean fuels in the residential sector are also obvious throughout the country, and the transportation sector elevated emission standards and imposed mandatory elimination of old vehicles that do not meet emission standards \[[@pone.0227469.ref002]\].

Conclusion {#sec020}
==========

We analyzed the spatiotemporal changes in six air pollutants and AQI in 362 cities in China from 2015 to 2019. The national and regional air quality in China continues to improve. PM~2.5~, PM~10~, AQI, CO, and SO~2~ have exhibited negative trends; PM~2.5~ is the most important air pollutant in most regions in China, particularly in the Northern China, Xinjiang, Central China, and the Weihe River Basin; the spatial distribution of NO~2~ is heterogeneous, O~3~ and NO~2~ pollution is an urgent problem that needs to be solved; the main reason for the change in air quality is human activities; however, the current control strategy for PM~2.5~ will only partially reduce the PM~2.5~ pollution in the Western region. Although the implementation of the \"Action Plan\" measures has effectively improved air quality, China's air pollution is still serious and far from the WHO standard. Measures for continuous and effective emissions control are still a top priority.
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Dear Zongbo Shi

Academic Editor

PLOS ONE,

Revision required \[PONE-D-19-35106\] - \[EMID:b2ec848001643238\]

Please find attached a revised version of our manuscript Study on the Spatiotemporal Characteristics of the Air Pollutants in China from 2014 to 2019.

The reviews\'s comments were highly insightful and enabled us to greatly improve the quality of our manuscript.

We hope that the revisions in the manuscript and our accompanying responses will be sufficient to make our manuscript suitable for publication in the Journal of PLOS ONE.

Reviewer \#1: The main issue with this manuscript is the quality of the language. The authors clearly struggle with both grammar and choice of vocabulary, making it quite difficult to follow their arguments. Since there is a lot of ambiguous phrasing with unclear word choices, the questions of whether the manuscript is technically sound and whether the data supports the conclusions cannot be fully answered at this point. There are several sections which are completely unintelligible to me. I appreciate that it can be quite difficult to write in a non-native language and that some mistakes are to be expected. However, in this case it really impedes proper understanding of the scientific content. I highly recommend that the authors try to get some assistance with the language when revising the manuscript.

Response: We agree with this suggestion, we have improved the English writing by American Journal Experts in the revised manuscript.

Additional comments:

While the authors have made all the data publicly available, the origin of the data is not clearly described. I am assuming that the data was extracted from databases of national/regional measurement networks, however this is not clear from the description and the reference links provided go to Chinese webpages, making them inaccessible to a large percentage of PLOS One readers. In addition, units are missing, and it would be helpful to provide the English names of the different locations in addition to the Chinese characters.

Response: We agree with this suggestion, we provided his English name and his website(page 2-3, lines 35-49). In this article, the air pollution parameter data of 367 cities from 2014 to 2019 are sourced from the China National Environmental Monitoring Centre (English name).The website of the China Environmental Monitoring Centre is <http://www.cnemc.cn/> or <http://www.cnemc.cn/>en/.

And provided the data acquisition address of the China Environmental Monitoring Centre,making them inaccessible to a large percentage of PLOS One readers.The data acquisition address of the China Environmental Monitoring Centre is <http://106.37.208.233:20035/>. On this page, you can obtain real-time data on 7 air pollution parameters (PM2.5, PM10, air quality index (AQI), CO, NO2, O3, and SO2), including the mass concentration, of 367 cities, or you can go to <https://www.zq12369.com/> to acquire real-time historical data from the China Environmental Monitoring Centre.

Additional comments:

The general idea behind the statistical analysis seems valid, but again there is a lack of information here regarding the input parameters of the radial basis function interpolation (e.g which basis function was used?). If the authors feel that this level of detail will not be of interest to most readers, it should at least go into the supplement.

Response:We agree with this suggestion,information here regarding the input parameters of the radial basis function interpolation (page 3-4, lines 50-64).

This paper uses ArcGIS software to perform radial basis function (RBF) interpolation on the obtained air pollutant parameter data based on the abovementioned map of China.

This paper uses RBF interpolation. RBF interpolation is conducted to generate a smooth surface based on the large number of data points. These functions produce good results for gently changing surfaces, such as the elevation. There are a variety of RBFs to choose from in the RBF interpolation method. The selected RBF in this study is a regular spline function. First, the spline function is explained, after which the regular spline function is described. The interpolation method applied via the spline function tool estimates values using a mathematical function minimizing the total curvature of the surface. This produces a smooth surface that only passes through the input points. The algorithm of the spline function tool uses the following surface interpolation equation:

where j = 1, 2, \..., N, N is the number of points, is the coefficient obtained by solving a system of linear equations, and is the distance between point (x, y) and the j-th point.

The definitions of T(x, y) and R(r) will differ depending on the RBF selected. The regular spline function is defined as:

where is the coefficient obtained by reconstructing the system of linear equations, and

where R is the distance between the point and the sample, is a weight parameter, is the modified Bessel function, and c is a constant, which is equal to 0.577215.

Additional comments:

The results of the analysis are not put into and there are no comparisons with other studies of air pollution trends.

Response: We agree with this suggestion,rewritten the results of the analysis and put them into context (page 27-28, lines 452-477).

The PM2.5, PM10, AQI, CO, NO2, and SO2 levels in China exhibit a stable spatial distribution and persistence over time. PM2.5, PM10, AQI, CO, NO2, and SO2 are mostly concentrated in Beijing-Tianjin-Hebei and its surroundings and in Xinjiang from 2014 to 2019. The average concentration monotonically decreases (except CO).

A high NO2 level also occurs in areas where the economy is well developed and the vehicle population is large, including in the Yangtze River Delta, such as Shanghai, in the Pearl River Delta, such as Guangzhou, and in the Sichuan Basin, such as Chongqing.

The O3 level has consistently been high in Inner Mongolia, Qinghai, Gansu and Shandong from 2014 to 2019.

There is often a significant correlation between the mass concentrations of the different types of particulate matter. The R coefficient of the correlation between PM2.5 and PM10 is 0.88. There is a particularly significant linear positive correlation between these particulates, which indicates that they experience similar changes in the ambient air pollution and practically follow the same migration and transformation laws.

There is a significant positive linear correlation between the atmospheric particulate matter, AQI and pollution gases NO2 and SO2. The correlation coefficient between the atmospheric particulate matter (PM2.5 and PM10), AQI and SO2 is 0.97, 0.81, and 0.88, respectively, and the correlation coefficient between the atmospheric particulate matter (PM2.5 and PM10), AQI and NO2 is 0.82, 0.62, and 0.72, respectively, which is due to the mutual conversion caused by the chemical reaction between the particulate matter and gaseous pollutants.

There exist certain positive and negative correlations between the gaseous pollutants. There is a particularly significant linear positive correlation between N02 and SO2 (the correlation coefficient is 0.90), indicating that these two pollutants follow the same evolution law, and their influencing factors may be similar. N02 and SO2 are initially influenced by factors such as coal combustion and motor vehicle emissions, and there is no correlation between O3 and the other three gaseous pollutants.

The pollution sources in Beijing-Tianjin-Hebei area mainly include decomposition, coal burning, industrial production, and dust. The industrial structure has been adjusted in favor of the tertiary industry, and high-pollution, high-energy consumption secondary industries have been reduced but still account for a large proportion. Regarding the pollution and landforms in Xinjiang, there is a close relationship between static weather conditions, sandstorms, inversion layer, precipitation, dust and industrial sources, human activities, and mobile and nonroad mobile sources.

And comparisons with other studies of air pollution trends (page 17-20, lines 257-308)

.

Study on the Correlation Between the Particulate Matter and the AQI

There is often a significant correlation between the mass concentrations of different types of particulate matter. Table 8 summarizes the correlation between the hourly PM2.5 and PM10 mass concentrations from 2014 to 2019. The slope of the fitting equation between PM2.5 and PM10 is approximately 1, namely, 1.24. The correlation coefficient R is 0.88. The goodness of fit parameter R2 is 0.77. The mass concentration ratio of PM2.5 to PM10 is 46%, which is close to half, indicating that the degree of PM2.5 pollution in China is more severe. There is a particularly notable linear positive correlation between the two types of particulate matter, which indicates that they cause similar changes in ambient air pollution and practically follow the same migration and transformation laws. This is related to Liu Jie\'s research on the correlation of atmospheric particulates, and the results are consistent \[4-5\].

Study on the Correlation Between the Atmospheric Particulate Matter, AQI and Gaseous Pollutants

From the correlation study between the particulate matter and gaseous pollutants, as summarized in Table 9, there is a significant linear positive correlation between the atmospheric particulate matter, AQI and pollution gases (NO2 and SO2). The correlation coefficient between the atmospheric particulate matter (PM2.5 and PM10), AQI and SO2 is 0.97, 0.81, and 0.88, respectively, while the correlation coefficient between the atmospheric particulate matter (PM2.5 and PM10), AQI and NO2 is 0.82, 0.62, and 0.72, respectively. The above results are also consistent with the findings of Li Zhan et al. \[6\]. The atmospheric particulate matter (PM2.5 and PM10) and AQI are positively correlated with the atmospheric pollution gases NO2 and SO2, which usually occurs due to the mutual conversion caused by the chemical reaction between the particulate matter and the gaseous pollutants \[7- 8\]. It was found that nitrate (sulfate) produced by NO2 (SO2) would be transformed into secondary particulate matter (PM2.5 and PM10) over time, and with increasing NO2 and SO2 atmospheric pollution, the atmospheric particulate matter PM2.5 and PM10 also increased. One of the reasons for the increase in atmospheric pollutants NO2 and SO2 is the large vehicle flows and high exhaust emissions \[9-10\].

Study on the Correlation Between the Gaseous Pollutants

The study of the mutual evolution of the gaseous pollutants is more complicated. Generally, there is no simple law describing their mass concentrations in the short term, but the correlation can be studied through the long-term change trend of their mass concentrations to determine their individual relationships. As indicated in Table 10, there are certain positive and negative correlations between the gaseous pollutants. In Table 10, there is a particularly significant linear positive correlation between N02 and SO2 (a correlation coefficient of 0.90), indicating that these two pollutants follow the same evolution law, and their influencing factors may be similar. According to the analysis of the influencing factors of these two pollutants \[11\], the initial pollution of these two types can be determined. Both of these pollutants are influenced by factors such as coal combustion and motor vehicle emissions. There is no correlation between O3 and the other three gaseous pollutants \[12\]. Therefore, the evolution trends between the atmospheric particles, those between the atmospheric particles and gaseous pollutants and those between the gaseous pollutants are more complex. In addition, in-depth research is needed in many aspects, such as chemical reactions.

Reviewer \#2: This paper describes the spatial-temporal variation of atmospheric pollutants in the mainland of China during 2014 to 2019. The data in this paper covers hundreds of cities in China and 6 years. From this standpoint the article is useful and can be used to document levels at present day. However, I am not quite sure if the article fits the scope of the PLOS ONE because it looks like a data analysis report. I would suggest the author to expand the discussion on the reason of the variations.

Response: We agree with this suggestion, so we have expanded the discussion on the reason of the variations(page 17-26, lines 257-450)

.

Study on the Correlation Between the Particulate Matter and the AQI

There is often a significant correlation between the mass concentrations of different types of particulate matter. Table 8 summarizes the correlation between the hourly PM2.5 and PM10 mass concentrations from 2014 to 2019. The slope of the fitting equation between PM2.5 and PM10 is approximately 1, namely, 1.24. The correlation coefficient R is 0.88. The goodness of fit parameter R2 is 0.77. The mass concentration ratio of PM2.5 to PM10 is 46%, which is close to half, indicating that the degree of PM2.5 pollution in China is more severe. There is a particularly notable linear positive correlation between the two types of particulate matter, which indicates that they cause similar changes in ambient air pollution and practically follow the same migration and transformation laws. This is related to Liu Jie\'s research on the correlation of atmospheric particulates, and the results are consistent \[4-5\].

Study on the Correlation Between the Atmospheric Particulate Matter, AQI and Gaseous Pollutants

From the correlation study between the particulate matter and gaseous pollutants, as summarized in Table 9, there is a significant linear positive correlation between the atmospheric particulate matter, AQI and pollution gases (NO2 and SO2). The correlation coefficient between the atmospheric particulate matter (PM2.5 and PM10), AQI and SO2 is 0.97, 0.81, and 0.88, respectively, while the correlation coefficient between the atmospheric particulate matter (PM2.5 and PM10), AQI and NO2 is 0.82, 0.62, and 0.72, respectively. The above results are also consistent with the findings of Li Zhan et al. \[6\]. The atmospheric particulate matter (PM2.5 and PM10) and AQI are positively correlated with the atmospheric pollution gases NO2 and SO2, which usually occurs due to the mutual conversion caused by the chemical reaction between the particulate matter and the gaseous pollutants \[7- 8\]. It was found that nitrate (sulfate) produced by NO2 (SO2) would be transformed into secondary particulate matter (PM2.5 and PM10) over time, and with increasing NO2 and SO2 atmospheric pollution, the atmospheric particulate matter PM2.5 and PM10 also increased. One of the reasons for the increase in atmospheric pollutants NO2 and SO2 is the large vehicle flows and high exhaust emissions \[9-10\].

Study on the Correlation Between the Gaseous Pollutants

The study of the mutual evolution of the gaseous pollutants is more complicated. Generally, there is no simple law describing their mass concentrations in the short term, but the correlation can be studied through the long-term change trend of their mass concentrations to determine their individual relationships. As indicated in Table 10, there are certain positive and negative correlations between the gaseous pollutants. In Table 10, there is a particularly significant linear positive correlation between N02 and SO2 (a correlation coefficient of 0.90), indicating that these two pollutants follow the same evolution law, and their influencing factors may be similar. According to the analysis of the influencing factors of these two pollutants \[11\], the initial pollution of these two types can be determined. Both of these pollutants are influenced by factors such as coal combustion and motor vehicle emissions. There is no correlation between O3 and the other three gaseous pollutants \[12\]. Therefore, the evolution trends between the atmospheric particles, those between the atmospheric particles and gaseous pollutants and those between the gaseous pollutants are more complex. In addition, in-depth research is needed in many aspects, such as chemical reactions.

Causes of Air Pollution in the Beijing-Tianjin-Hebei Region

The unique geographical environment of the Beijing-Tianjin-Hebei region coupled with the rapid development of urban agglomerations and the formation of local atmospheric circulation formation conditions make result in the air pollution in the Beijing-Tianjin-Hebei region show exhibiting a certain particular spatiotemporal distribution distribution \[13\]. In 2014, the energy consumption level of Beijing-Tianjin-Hebei accounted for 12% of the country\'s total energy consumption level of China. There are still more numerous heavyhigh-energy consumption heavy industries in the Beijing-Tianjin-Hebei region. Compared to 2010, In 2014, the overall GDP increased by 52% in 2014 compared to 2010. The strength magnitude of the country\'s consumption in China of the accumulated resources in per unit of land area of per unit,per unit timeover time and the intensity of pollutant emissions are very high \[14\].

The In the Beijing-Tianjin-Hebei region, takes Beijing is selected as an example. The analysis results of theBeijing 's Beijing's air pollution sources in Beijing released in 2014 in 2014 \[15\] show reveal that aboutapproximately 28% to 36% of the atmospheric PM2.5 sources come from regional transmissiontransport. Local emissions account for aboutapproximately 64%-72%, including 31.1% of from motor vehicles, 22.4% of from coal, 18.1% of from industrial production, 14.3% of from dust, and 14.1% from other activities, such as catering, livestock and poultry breeding, and auto repair accounted automobile repair, accounting for 14.1%. It can be seen that vehicle Vehicle exhaust is the most important source of local pollution. The structures of the primary industry, secondary industry, and tertiary industriesy of in Beijing were adjusted from 0.9: 24. 0: 75. 1 in 2010 in 2010 to 0.7: 21. 4: 77. 9 in 2014. The tertiary industry areis dominateddominates, and compared to 2010, their its proportion has increased by nearly 3% compared with 2010, indicating that Beijing\'s the industrial structure of Beijing is still optimizingbeing optimized. The source of air pollution is mainly caused by the industrial production process of the secondary industry and vehicle exhaust emissions.

Notes: The primary industry mainly refers to those industries that produce foodstuffs and other biological materials, including crops, forestry, animal husbandry, aquaculture and other industries that directly target natural objects. The secondary industry mainly refers to the processing and manufacturing industry, which uses consumes the basic materials provided by nature and the primary industry for during processing. The tertiary industry refers to those other industries other than the primary and secondary industries, and has a wide range, mainly including nonmaterial-material production sectors such as transportation, communications, commerce, catering, finance, education, and public services.

The results of a new round of PM2.5 source analysis completed by the Beijing Environmental Protection Monitoring Center in 2018 in 2018 were released to the public, and. tThe main conclusions of this study indicate that 2/3 of the main sources of PM2.5 in Beijing throughout the year are local and 1/3 are regional transmissions. From the characteristics of the city 'scity'sthe current local atmospheric PM2.5 sources in Beijing, in terms of the local emissions contribution of local emissions, mobile sources are account for 45%, flying fugitive dust sources account for are 16%, industrial sources account for are 12%, living surface sources account for are 12%, coal sources account for are 3%, and agricultural, natural sourcesand, others sources account for aboutapproximately 12% of the PM2.5 concentration. The results show that at this stage, the coal-fired source has basically withdrawn from the ranks ofstopped being the city\'s main source of atmospheric PM2.5 in Beijing \[58\].

TIn the Beijing-Tianjin-Hebei region, takes Tianjin is selected as an example. The analysis results of the air pollution sources in Tianjin in 2014 in 2014 showed \[16\] that the regional transmission of atmospheric PM2.5 sources accounted for 22%-34% of the pollution. The remaining 66% to 78% came from local emissions. Among them, dust sources accounted for 30%, coal-fired sources accounted for 27%, motorized sources accounted for 20%, industrial production sources accounted for 17%, and other sources accounted for 6%. Dust is the primary source of pollution, followed by coal combustion and motor vehicles. The rRoads, storage yards, construction sites, etc. in Tianjin are the main sources of dust. In addition, construction projects in the railway, chemical, and power industries will also generate dust. In 2014, the three industrial structures in Tianjin were adjusted from 1.6: 53.1: 45.3 in 2010 in 2010 to 1.3: 49.4: 49.3. The secondary industry dropped decreased by 3.7% percentage points, and the tertiary industry increased by 4% percentage points. Until 2014, the proportions of the secondary and tertiary industries in Tianjin was basically flatpractically remained stable. Comparing In comparing the data, it is found that the proportion of the Tianjin\'s secondary industry in Tianjin is still the highest despite a its decline. Thermal power, iron and steel, petrochemical, cement, building materials, etc., as typical heavy high-pollution emission industries, are the key sources of pollution caused bycausing the air pollution in Tianjin.

The Aanalytical results of the air pollution sources in Hebei Province in the Beijing-Tianjin-Hebei region show reveal that \[17\], taking with Shijiazhuang city as an example, regional transmission accounts for 23% to 30% of the PM2.5 sourcespollution, and local pollution emissions accounts for 70% to 77%, of which coal combustion accounts for 28.5%, industrial production accounts for 25.2%, fugitive dust accounts for 22.5%, motor vehicles account for 15.0%, and other sources such as biomass burning, and catering, etc. account for 8.8% of the PM2.5 pollution. Coal combustion is the primary source of the air pollutants in Shijiazhuang and even in Hebei Province. Large The high coal consumption and irrational coal combustion structurestructures are the main causes of soot pollution. In 2014, the three industrial structures in Hebei Province were adjusted from 12.57: 52.5: 34.93 in 2010 in 2010 to 11.7: 51.1: 37.2. The primary industry declined decreased slightly, and the secondary industry decreased by 1.4 %percentage points, and while the tertiary industry increased by approximately 2-3 %percentage pointpoints. The proportion of the secondary industry in Hebei Province is still higher than 50%. This irrational industrial structure makes Hebei Province the region with the worst air pollution in the Beijing-Tianjin-Hebei. In addition, Hebei has a large high proportion of high-pollution and high-energy- consuming consumption industries, including steel, cement, electricity, glass, pharmaceuticals, metallurgy, petrochemicals, and building materials. Among them, the coal consumption in the steel, building materials and power industries accounted for 89.6% of the province\'s provincial total energy consumption, and the air pollutant emissions in from the steel, cement, power, and glass industries accounted for aboutapproximately 60% of the Hebei\'s total pollution in Hebei. \[18\]. As the most important pollution industry in Hebei, steel is the focus of air pollution control.

Causes of Air Pollution in Xinjiang

Landform analysis

Xinjiang is far from the sea, surrounded by mountains and basins, and deserts and grasslands are widely distributed. Taking With the topography of Urumqi as an example, its southeast and west sides are surrounded by mountains with an average elevation of 680 metersm. The slope drop gradient is largehigh, with the south is being high, while the north is low, and the middle is are low. The topographical conditions are very highly detrimental to the atmospheric circulation of the atmosphere and pollutant the diffusion of pollutants. The Urumqi region is located in the northern part of the Tianshan Mountains and the southern edge of the Jungle Basin. It is the city farthest from the ocean in the world. It has a typical desert continental climate and a fragile ecological environment. The vegetation coverage around across the urban area is low, and there are many bare groundsareas, which are liable to form dusty weather conditions.

Small Weak winds

The frequent occurrence of calm and small weak winds in Xinjiang (wind speeds greater higher than or equal to 0.5 m/s are and less lower than 1.5 m/s are characterize small weak winds), which is an important factor for the poor air environmental quality factor. In the case of small weak winds, the horizontal movement of the atmosphere is slow, which is not conducive to the lateral diffusion of atmospheric pollutants, and it is easy to form regional pollution accumulation\[19regional pollution accumulation easily occurs \[19-20\]. Wind has a certain diffusion and purification ability, and the wind speed and pollutant concentration are basically negatively correlated. Taking With Urumqi as an example, the frequency of static wind atmospheric conditions in the heating period is as high as aboutapproximately 26%, and in December and January, it is as high as 30% or more. Even if there is wind, the wind speed is very small low and rarely exceeds level 3 \[21\]. Such meteorological conditions are extremely detrimental to the spread of pollutants dispersal. If there are several consecutive days of static wind weather conditions, the pollutants will continue to accumulate, and the air quality will deteriorate sharply \[22\].

Sand storms

Sandstorms are a typical weather phenomenon in Xinjiang. Sandstorms and floating dust occur throughout the year. Sandstorms and floating dust weather conditions will cause high concentrations of atmospheric particulate matter concentrations, which will seriously affect all the regionsregions'regional air quality in cities \[23\]. The source region of western China, with the Taklimakan Desert as the main bodyregion, and the source region of northern China, with the Badain Jaran Desert as the center, contributed 70% of the total dust emissions in Asia. The sSandstorms in Northwest China are dominated by dry settlement \[24\].Regional The regional distribution of the sandstorms in Northwest China is very uneven, while the sandstorm frequency in the northern region of Xinjiang is basically unchanged, and that in the rest of the region is decreasing \[25\].

Inversion layer

Among the weather types in Urumqi, there are mostly neutral and stable weather types of weather. The frequency of temperature inversion is as high as 90% in winter. The severe air pollution in winter is directly related to thisthese stable meteorological conditions. The frequently occurring inversion layer that occurs frequently is like is similar to a large pot lid, covering the city, making thereby trapping atmospheric pollutants trapped in theat low altitudealtitudes and making them difficult to spreaddisperse. There is a clear positive correlation between inverse temperature inversion and pollutants pollution \[22\].

Precipitation

Taking Thethe Urumqi region, as an example, it is located in an arid and semiarid-arid environment with little precipitation and large high evaporation. Precipitation has a purifying effect on the air and can effectively purify urban air. There is a clear negative correlation between precipitation and pollutantspollution, which is one of the key factors determining the air quality of air. For the SO2, NO2 and PM10 levels in Urumqi., The the daily average concentration and precipitation are analyzed. The analysis results show that the wet removal ability of rain is greater higher than that of snow. rainfallRainfall and snowfall both have wet removal abilityabilities for these three air pollutants \[26\],, and the strongest highest removal ability is for S02., This is followed by that for PM10.

Dust source

In 2017, with the new area took Turfan City city as as an example of a new area, the emission source of PM10 emission level was 1.169 million tons, and while that of the PM2.5 emissions was 132,000 tons. The source of sSoil dust is the primary source of the particulate emissions in Turpan. Turpan is a sparsely populated area. According to statistics (Turpan Statistical Yearbook (2017)) statistics, the area of land other than urban construction land,and transportation land, water areas and water conservancy facility sites is covers 68,900 square kilometers, with a large area of bare soil. In addition, the Turpan Basin is surrounded by Gobis and deserts. Gobis and deserts account for 76.73% of the area, and there is less vegetation and green land. When windy and sand weather conditions occurs, it is very easy to cause large dust, and frequent dust storms are easily formed. The dust Dust is not only the a source of atmospheric particulate matters, but is also receptors a receptor of particulate matter, resulting in natural dust fall of ground soil dust and sand dust transmission, contributecontributing greatly to the concentration of particulate matter concentration in the atmosphere \[27\].

Industrial source

Taking With Turpan Ccity in 2017 as an example, in 2017, the PM10 emissions from industrial sources were 19,200 tons, and the PM2.5 emissions were totaled 4,900 tons,the. The main PM10 contribution sources of PM10 are non-metallicthe nonmetallic mineral products industry and power thermal power production, accounting for 81.4% and 15.2%, respectively, of the PM10 pollution;. The PM2.5 contribution of the non-metallicnonmetallic mineral products industry contribution rate is 85.9%, The and the contributions rate of power thermal power production and petroleum processing is are comparable. \[27\].

Source of life

Taking With Turfan Ccity in 2017 as an example, in 2017, the PM10 emissions of PM10 in thefrom living sourcesourceshuman activities was 94.58 million tons, and the PM2.5 emission amount of PM2.5 was 73.18 million tons. The main sources of the emissions of atmospheric particulate matter PM10 and PM2.5 in the living sourceterms of human activities were was coal combustion and PM 10 and PM 2.5 emissions. Civilian coal combustion technology is poor, and there isare no scientific and effective emission control measures, and while the amount of fine particulate matter PM2.5 emitted by from coal combustion is even higher than that of emitted from industrial activities. During the heating season, civilian coal combustion and central heating caused a large amount of pollutants to be emitted, and a large number amounts of primary aerosols, heavy metals, and water-soluble ions were are directly emitted directly as primary particulate matter. At the same time, gaseous precursors such as SO2 and NO2 were are released. Adverse weather conditions It is easy to form seasily result in severe pollutioneverely polluted weather under adverse weather conditions. The PM2.5 released from food sources is mainly from the cooking process of involving edible oils and foods. Under high- temperature conditions, particulate matter is formed by chemical reactions such as thermal oxidation and thermal decomposition. Most of the food and beverage sources are occur in densely populated areas, and pollutants are emitted near the ground, which has an important notable impact on the health of the population. According to activity- level survey information, there were a total of 3,443 catering companies in Turpan in 2017. The total PM10 emissions were 301.6 tons, and the total PM2.5 emissions were 241.3 tons. In addition, the exhaust gas from restaurant fumes contains a large number of volatile organic pollutantspollutant VOCs, among which oxygenates and olefins have a high photochemical activity,, which are precursors to form secondary particulate matter, and have and have an importanta notable impact on atmospheric particulate pollution \[28\].

Mobile source

    At present, vehicle exhaust is one of the main sources of the atmospheric particulate matter in China \[29-30\], especially PM2.5 fine particulate matter PM2.5. Motor vehicles also emit gaseous pollutants such as NOx and VOCs, which are converted into secondary particulate matter through photochemical reactions. Compared with to coarse particles, fine particles have a larger specific surface area, which thus capable of absorbsing and carryingies more toxic substances, which is can be harmful to human health \[29-32\]. The rRoad sources in Turpan in 2017 in 2017 emitted 249.19 tons of PM10 and 224.5 tons of PM2.5, respectively \[33\].

OffNonroad-road mobile source

     Turpan\'s The nonroad-road mobile sources in Turpan are mainly divided into three categories: engineering machinery, agricultural machinery and civilian aviation aircraft. Compared with to road mobile sources, nonroad-road mobile sources usually use diesel and heavy oil as their the main fuels. They have the characteristics of a high fuel consumption, long service life, low technical level and low maintenance rate. Most of the pollutants emitted are NOx and particulate matter \[34-35\].
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1.Re-write the Introduction: Please see more detailed comments in the attached file.

Yes, We agree with you. We have seen more detailed comments in the attached file and corrected one by one, We have Re-write the Introduction according to rules and made major changes.

2.Delete the discussions on the causes of air pollution in Jing-Jin-Ji region and Xinjiang - some of these may go to Introduction but it does not fit in the discussions. Some of the discussions in Xinjiang, for example with regards to particular topographic and meteorological conditions may be useful information for discussions.

Yes, We agree with you. We have deleted the discussions on the causes of air pollution in Jing-Jin-Ji region and Xinjiang.
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Hong Guo et al. also found that the maximum annual mean values of both PM2.5 and PM10 were in Xinjiang Province, which was determined to be primarily the result of mineral dust from the Taklimakan Desert \[18\].

Zhang, Y. L. et al. showed that in western China, dust particles are very important for PM2.5, and the current control strategy of PM2.5 (that is, reducing VOC and PM emissions from fossil/nonfossil combustion) will only partially reduce the PM2.5 pollution in western region \[15\].

Debin Lu et al. showed that the high PM2.5 concentration in the northwest of China was mainly affected by sand and dust (meteorologically driven), while it was mainly caused by human activities in the eastern region \[28\].

Shixian Zhai et al. there is also a large meteorologically driven interannual variability in PM2.5 that complicates trend attribution, increases in the Fenwei Plain can be attributed to meteorology rather than to relaxation of emission controls \[63\].

Qiang Zhang also cited Shixian Zhai\'s article, We agree with Shixian Zhai. And We use monitoring data, Qiang Zhang is a simulation. Hong Guo et al. also found that the maximum annual mean values of both PM2.5 and PM10 were in Xinjiang Province.

Qiang Zhang did not comment on Xinjiang, the Weihe River Basin, and the Qinghai-Tibet Plateau which are heavily influenced by meteorological factors. Qiang Zhang commented on the Beijing-Tianjin-Hebei Yangtze River Delta and Pearl River Delta.

Krasnov, H. et al. analyzed the spatiotemporal behavior of PM concentration in the city of Beersheva in southern Israel, an arid desert area where sandstorms are very frequent; and during strong storms, the hourly ranges of PM10 concentration were from 100 μg/m3 to greater than 1280 μg/m3. Higher concentrations were found in parts of the city near the source of dust \[22\].

Zou, X. K. et al. found that sand and dust storms during the spring in northwestern China, where deserts, semideserts, and grasslands are distributed, were negatively correlated with NDVI \[23\].

All of the above findings are consistent with our results showing high concentrations of PM2.5 and PM10 in Xinjiang.

We directly used the monitoring data to count the Sichuan Basin and got consistent results with you.

4.Temporal change: You may try to look at the different regions (BTH and surrounding regions; Xinjiang Basin; Sichun Basin; Weihe Plateau; Northeastern China; South China) and evaluate the absolute and relative changes in concentrations of different pollutants from 2014-2019. This may then be linked to economic growth and clean air actions. You will need to refer to lots of papers. Again you may benefit from comparing with Zhang et al. (2019) paper.

We agree with you, thank you for your help.

We divide China into 11 regions. The Northern region includes Beijing, Tianjin and Hebei, Shandong, Shanxi, and Henan; the Eastern (Yangtze River Delta) region includes Jiangsu, Zhejiang, and Fujian; the Central region includes Anhui, Hubei, Hunan, and Jiangxi; the Southern (Pearl River Delta) region includes Guangdong, Guangxi, and Hainan. The Weihe River Basin includes Shan Xi, Gansu, and Ningxia; Xinjiang is its own region; the Sichuan Basins is a region; Inner Mongolia is a region; Qinghai-Tibet is a region; Yungui is a region; and the Northeast region includes Heilongjiang, Jilin, and Liaoning.

And we evaluate the absolute and relative changes in concentrations of different pollutants from 2015-2019. Then belinked to economic growth and clean air actions. We refer to lots of papers and compared with Zhang et al. (2019) paper.

5.Please read the comments by reviewers again and address them - For example, there are a lot of air quality trend papers published recently, which you should read carefully and compare your results with what was published.

We agree with you, thank you for your help.

We readed a lot of air quality trend papers published recently, and carefully compare your results with what was published.

6.Please note that you need to re-write your abstract as well. Please refer to this website: <https://journals.plos.org/plosone/s/submission-guidelines>

We agree with you, thank you for your help. We rewrited the abstract and made major changes
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Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.
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Detailed revision guidance is given in the comments.
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Abstract: remove reference (i.e. \[1\])

particulate matter PM2.5 -- delete particulate matter

particulate matter PM10 -- delete particulate matter

Delete: "Since 2015, environmental monitoring 15 stations in 366 cities have regularly released air quality data. The volume of data 16 released since 2015 far exceeds those available in 2014 (189 cities) and 2013 (74 17 cities), and this increased number of environmental monitoring stations can better 18 reflect China\'s atmospheric environment."

"Therefore, we propose that it is meaningful to" change to "here, we"

In Materials and Methods, please provide a detailed explanation how the data analyses were carried out.

"Xinjiang is its own region; the Sichuan Basins is a region; Inner Mongolia is a region; Qinghai-Tibet is a region; Yungui is a region; and the Northeast region includes Heilongjiang, Jilin, and Liaoning" change to "Other regions include Xijiang, Sichun Basin, Inner Mogolia, Qinghai-Tibet, Yungui (Yunan and Guichzou) and Northeastern China (Heilongjiang, Jilin, and Liaoning)"

Line 147: thee -- change to the

"Qingyu Guan et al. the PM10 concentrations during dust storm events were, respectively, 19, 43 and 17 times higher than the levels before dust events in cities of 167 Weihe River Basin \[24\] " -- why this is relevant?

Proper citation needed: Hong Guo et al. -- this should be Guo et al.; comments apply to the rest of the paper; Q. Zhang et al. also is wrong -- use Zhang et al.; Janssen L.\'s -- change to Janssen et al. (20??)

Line 137: I suggest you to look again at Zhang et al. (2019) paper; if I am not wrong, there are some discrepancies with your figure and if so you really need to highlight the differences. \#

Line 173 -- 177: It would be interesting to see the trend of PM2.5/PM10 ratio from 2015 to 2019; is there a trend? But in any case, report the annual average values

Use proper punctuation: in many places you use ";" at the end of the sentences. In some places, you started a sentence with lower case: for example, line 189, you use "thus" rather than "Thus".

There are many grammatical errors including some of those pointed out above. This has to be corrected and if this continues, I will have to recommend "rejection" eventually.

In several places, a single paragraph described the findings of a particular paper; this causes fragmentation. Please revise this and put these paragraphs together to deliver a meaningful message. If you are suggesting that these results are similar to what you have showed, you can say that: Our results are consistent with literature. For example, xxx et al. (2019) showed that ....; xxx et al. (2018) showed that ....

Similarly, in line 276-281: you cited two papers but did not say why these are cited? Are you trying to say that these results support your conclusion? If so, you need to say something like: these results are consistent with the trend we found (Fig. xxx).

The discussions from line 706 are very confusing. It is difficult to find the logic here. A majority of this is irrelevant so should be removed or distributed elsewhere. For example, for those discussion on PM2.5 -- this should go to the part on PM2.5 in "change over time"; Similarly, discussions on SO2 etc. goes to separate sections above.

Remove all of these irrelevant discussions on "clean air acts" in US and UK.

Line 716-724: delete; or you can have a look at Zhang et al. (2019) paper to see and Vu et al. (2019, Atmos Chem Phys) paper to see the effects of meteorology. In the longer term, meteorology is not so important, and the emission change is the dominant contributor to air quality changes. This discussion could be useful
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Reviewers\' comments:
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**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#2: This paper is highly improved in this version. The structure of the paper is clear now and more discussion was added in. The data in this paper covers hundreds of cities in China, it provides a whole picture of the evolution of air quality in China in last 6 years. From this standpoint the article is useful and can be used to document levels at present day. Several improvements are needed to be addressed before the manuscript can be considered for publication after minor revision.

1\) I would suggest the author give the (possible) reason for the variation of each pollutant. This would help the government to improve the air quality in right direction.

2\) Line 96-97 on page 5, please rephrase the sentence of "From 2015 to 2019, the national annual mean and annual average median of PM2.5 (unit: μg/m3) were 42.7 and 41, respectively." I think it should be "The national annual mean and annual average median of PM2.5 (unit: μg/m3) were 42.7 and 41 in 2015 and 2019, respectively."

3\) Line 836 on page 42. The first author should be "B Silver".

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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13 Jul 2020

Dear Zongbo Shi

Academic Editor

PLOS ONE,

Minor revision required \[PONE-D-19-35106R3\]

Please find attached a revised version of our manuscript The spatiotemporal characteristics of the air pollutants in China from 2015 to 2019.

Your reviews\'s comments were highly insightful and enabled us to greatly improve the quality of our manuscript again.

Abstract: remove reference (i.e. \[1\])

particulate matter PM2.5 -- delete particulate matter

particulate matter PM10 -- delete particulate matter

Delete: "Since 2015, environmental monitoring 15 stations in 366 cities have regularly released air quality data. The volume of data 16 released since 2015 far exceeds those available in 2014 (189 cities) and 2013 (74 17 cities), and this increased number of environmental monitoring stations can better 18 reflect China\'s atmospheric environment."

We agree with you, we have deleted them.

"Therefore, we propose that it is meaningful to" change to "here, we"

We agree with you, we have changed it.

In Materials and Methods, please provide a detailed explanation how the data analyses were carried out.

We agree with you, we have provided a detailed explanation how the data analyses were carried out in lines 80-125.

"Xinjiang is its own region; the Sichuan Basins is a region; Inner Mongolia is a region; Qinghai-Tibet is a region; Yungui is a region; and the Northeast region includes Heilongjiang, Jilin, and Liaoning" change to "Other regions include Xijiang, Sichun Basin, Inner Mogolia, Qinghai-Tibet, Yungui (Yunan and Guichzou) and Northeastern China (Heilongjiang, Jilin, and Liaoning)"

We agree with you, we have changed them in lines 135-137.

Line 147: thee -- change to the

We agree with you, we have changed it.

"Qingyu Guan et al. the PM10 concentrations during dust storm events were, respectively, 19, 43 and 17 times higher than the levels before dust events in cities of 167 Weihe River Basin \[24\] " -- why this is relevant?

We agree with you, we have deleted it.

Proper citation needed: Hong Guo et al. -- this should be Guo et al.; comments apply to the rest of the paper; Q. Zhang et al. also is wrong -- use Zhang et al.; Janssen L.\'s -- change to Janssen et al. (20??)

We agree with you, we have changed them.

Line 137: I suggest you to look again at Zhang et al. (2019) paper; if I am not wrong, there are some discrepancies with your figure and if so you really need to highlight the differences. \#

We agree with you. We think that Zhang et al. are right. Because we have fewer monitoring points in Xinjiang in this research, we have highlighted the differences and clarified the limitations of our research in lines 181-189.

Although our results are consistent with Guo et al. \[18\] and Hao et al. \[19\], who reported PM2.5 is most serious in the Xinjiang Province. But we think our research results have certain limitations, this is because fewer monitoring points were used in Xinjiang in the previous studies(we, Guo et al. and Fan et al.); thus, our research results have certain limitations. We have clarified the limitations of our research results in lines 181-189 and removed the objectionable figures.

\[18\] Hong Guo, Xingfa Gu, Guoxia Ma, Shuaiyi Shi, Wannan Wang, Xin Zuo & Xiaochuan Zhang. Spatial and temporal variations of air quality and six air pollutants in China during 2015-2017. Scientific Reports 2019; 9, 15201; <https://www.nature.com/articles/s41598-019-50655-6>.

\[19\] Hao Fan, Chuanfeng Zhao, Yikun Yang. A comprehensive analysis of the spatio-temporal variation of urban air pollution in China during 2014--2018. Atmospheric Environment 2020; 220, 117066; <https://doi.org/10.1016/j.atmosenv.2019.117066>.

Line 173 -- 177: It would be interesting to see the trend of PM2.5/PM10 ratio from 2015 to 2019; is there a trend? But in any case, report the annual average values

We agree with you, we have deleted it.

Use proper punctuation: in many places you use ";" at the end of the sentences. In some places, you started a sentence with lower case: for example, line 189, you use "thus" rather than "Thus".

We agree with you, we have changed them.

There are many grammatical errors including some of those pointed out above. This has to be corrected and if this continues, I will have to recommend "rejection" eventually.

Thank you very much for your help and understanding. We invited Premium Editing of American Journal Experts (AJE) to polish the article. We carefully checked the grammatical errors in the article. Now there is no grammatical errors in the article.

In several places, a single paragraph described the findings of a particular paper; this causes fragmentation. Please revise this and put these paragraphs together to deliver a meaningful message. If you are suggesting that these results are similar to what you have showed, you can say that: Our results are consistent with literature. For example, xxx et al. (2019) showed that ....; xxx et al. (2018) showed that ....

Similarly, in line 276-281: you cited two papers but did not say why these are cited? Are you trying to say that these results support your conclusion? If so, you need to say something like: these results are consistent with the trend we found (Fig. xxx).

We agree with you, we have said something like: our results are consistent with literature. For example, xxx et al. showed that ....; xxx et al. showed that ..., these results are consistent with the trend we found.

The discussions from line 706 are very confusing. It is difficult to find the logic here. A majority of this is irrelevant so should be removed or distributed elsewhere. For example, for those discussion on PM2.5 -- this should go to the part on PM2.5 in "change over time"; Similarly, discussions on SO2 etc. goes to separate sections above.

We agree with you, we have removed majority from line 706.

Remove all of these irrelevant discussions on "clean air acts" in US and UK.

We agree with you, we have removed all of these irrelevant discussions on "clean air acts" in US and UK.

Line 716-724: delete; or you can have a look at Zhang et al. (2019) paper to see and Vu et al. (2019, Atmos Chem Phys) paper to see the effects of meteorology. In the longer term, meteorology is not so important, and the emission change is the dominant contributor to air quality changes. This discussion could be useful

We agree with you, we have deleted Line 716-724. Thank you for your recommendation and help. Papers of Zhang et al. (2019), Vu et al. (2019, Atmos Chem Phys) had a great help for us.

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: No

We agree with you. We invited Premium Editing of American Journal Experts (AJE) to polish the article. We carefully checked the grammatical errors in the article.

Reviewer \#2: This paper is highly improved in this version. The structure of the paper is clear now and more discussion was added in. The data in this paper covers hundreds of cities in China, it provides a whole picture of the evolution of air quality in China in last 6 years. From this standpoint the article is useful and can be used to document levels at present day. Several improvements are needed to be addressed before the manuscript can be considered for publication after minor revision.

1)I would suggest the author give the (possible) reason for the variation of each pollutant. This would help the government to improve the air quality in right direction.

We agree with you. We have given the (possible) reasons for the variations of each pollutant in lines 688-708.

The possible reasons for the changes in PM2.5, SO2, NO2, and CO are related to the strengthening of industrial emission standards. For example, the emission standards of thermal power plants and all emission-intensive industrial sectors (such as steel and cement) have been strengthened. By the end of 2017, more than 95% of China\'s coal-fired power plants were equipped with flue gas desulfurization (FGD) and selective catalytic reduction (SCR) or selective non-catalytic reduction (SNCR) systems and 71% of the coal-fired power generation capacity reached the \"ultra-low emission\" standard. In addition, industrial boiler were upgraded and small coal-fired boilers were eliminated, which was important because large-scale operation boilers are widely equipped with SO2 and particulate matter control devices. The elimination of backward industries phases out obsolete or inefficient technology in various industries and allows for structural adjustments. In addition, clean fuel was promoted in the residential sector and advanced stoves and clean coal nationwide were promoted from 2013 to 2016. In 2017, the use of natural gas and electricity to replace coal was further promoted, which affected 6 million households nationwide, of which 4.8 million were located in the Beijing-Tianjin-Hebei area and surrounding areas. The benefits of promoting clean fuels in the residential sector are also obvious throughout the country, and the transportation sector elevated emission standards and imposed mandatory elimination of old vehicles that do not meet emission standards \[2\].

Such changes would help the government improve the air quality.

2)Line 96-97 on page 5, please rephrase the sentence of "From 2015 to 2019, the national annual mean and annual average median of PM2.5 (unit: μg/m3) were 42.7 and 41, respectively." I think it should be "The national annual mean and annual average median of PM2.5 (unit: μg/m3) were 42.7 and 41 in 2015 and 2019, respectively."

I am sorry. We Calculated mean and median. So we said, from 2015 to 2019, the national annual mean and annual average median of PM2.5 (unit: μg/m3) were 42.7 and 41.0, respectively. AJE also checked here again.

3)Line 836 on page 42. The first author should be "B Silver".

We agree with you, we have changed it.

Dear Zongbo Shi

Academic Editor

PLOS ONE

Thank you for your help and understanding during these times.

Your reviews\'s comments were highly insightful and enabled us to greatly improve the quality of our manuscript again.
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Dear Guo Ping,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

==============================

Although English has improved, it remains a major issue. I have essentially re-written some parts that are inappropriate or wrong. Please revise and take particular attention at the proper use of units.

==============================

Please submit your revised manuscript by 13 August. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Zongbo Shi

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Line 11: "simulated data " -- change to "model simulations"

Line 14: "various" -- change to "different"

Line 16: add "This led to a major improvement in air quality"

Line 16 -- 17: change to "We use the hourly Air Quality Index (AQI) and mass concentrations of PM10, CO, NO2, O3, and SO2 in 362 cities from 2015 to 2019"

Line 35: "through the simulation methods" changed to "using models"

Line 42: "34% SO2, 28% NOx, 26% PM2.5, and 10% volatile organic compounds" change to "SO2 by 34%, NOx by 28%, PM2.5 by 26%, and volatile organic compounds by 10%"

Line 45: "inversion of" change to "retrieved"

Line 54: "upper ozone monitor (OMI)" should this be "The Ozone Monitoring Instrument (OMI)"?

Line 76: delete "In addition, we also found that NO2 has improved as of 2019"

Line 77: delete "propose that it is meaningful to"

Line 87: delete "scientific"

Line 137: add "concentration" after Annual mean

Throughout the manuscript, please add unit to the reported concentration (but no AQI). For example "From a regional perspective, the Northern (58.2), Xinjiang (52.5), and Central (46.6)" should be changed to "From a regional perspective, the Northern (58.2 µg m-3), Xinjiang (52.5 µg m-3), and Central 144 (46.6 µg m-3)"

Line 156: "From 2015 to 2019, the national annual mean PM10 (unit: μg/m3 156 ) was 78.6." This is incorrect; this has to be changed to "From 2015 to 2019, the national annual mean PM10 was 78.6 µg m-3."

Line 160: "with highest annual mean." Change to "with highest annual mean concentration."

Line 171-172: "Hebei Province, Henan Province and Shandong Province" change to "Hebei, Henan and Shandong Provinces"

Line 178: "Our results showing that higher annual mean PM2.5 concentrations occurred in" : This does not look right; you said earlier PM2.5 is highest in Northern China; now you said that Xinjiang is highest; I think you mean "Our results showing that higher annual mean PM10 concentrations occurred in Xinjiang"

Line 184-186: "considerably different from Zhang et al. because fewer monitoring points were used in Xinjiang in this study, thus, our research results have certain limitations." Change to "somewhat different from Zhang et al.. This may be attributed to model uncertainty or the limited number of monitoring stations available in Xinjiang in this study."

Line 187-199: suggest to delete this paragraph

Line 201: "Sanya (14.6), has an annual mean PM2.5 (unit: μg/m3 )" : do remember to revise this: "Sanya, has an annual mean PM2.5 of 14 μg m-3 )"

Line 204: delete "The major cities"

Line 275: "Our results are consistent with the literature." You have said this many times.

Delete line 275 -- 282: This is about CO2 and it has nothing to do with CO

Line 291: "that" change to "the"

Line 299-303: "The fast developing resource and pollution intensive industries along with the 'Go West' movement and weak emission controls \[30\] contributed to the higher rate of increase in NO2 over the Western region from 2005-2013 than over that over the Southwestern, Northern, Eastern, and Southern regions"

Line 312: "We found that NO2 has the opposite trend in cities in the same region." Change to "We found that NO2 shows a different trend in cities in the same region."

Line 316: delete "so neighboring areas may exhibit the opposite trend (for example, Hong Kong and the 318 Pearl River Delta)"

Line 324: "were the regions with the highest annual mean (average median) across the country" change to "had a higher annual mean (median) concentration "

Line 329-333: delete this paragraph. Add a sentence to the end of the last paragraph: "High O3 concentrations in the city of Lhasa of Tibet may be associated with stronger photochemical reactions, vertical mixing and downward transport of stratospheric air mass"

Line 352: "(Table 2-5), (S1-9 Table), (Fig 1-2)" change to "(Table 2-5, Table S1-9; Fig 1-2)"

Line 356: "Our results are consistent with the literature. For example, Guo et al. reported that the number of cities where PM2.5 meets the air quality guidelines of WHO (annual mean 0-10 μg/m3) increased from 0 in 2015 to 1 in 2017, the number of cities where PM2.5 reached target 1 of the transition period of WHO (annual mean 25-35 μg/m3 360 ) increased from 57 in 2015 to 77 in 2017, and the annual mean of 309 cities decreased in 2017 compared with 2015 \[18\]." Change to "In comparison with 2017 \[18\], there are more cities which meets the WHO guidelines and the WHO target 1 transition period (annual mean 25-35 μg/m3)"

Line 361: "In addition," change to: "our results are comparable with literature. For example, "

Line 372: "main reason" change to "key factor"

Line 376: delete "across the country"

Line 377: "value": what does this mean? Is it "average change"?

Line 378: "The Ali area (-20%) of the Qinghai-Tibet; Hegang (-33.9%) and 379 Baicheng (-18.8%) in the Northeast region; and Haimen (-14.4%) and Jinhua (-12.7%) 380 in the Eastern region are the cities with a faster decline." Change to "Ali (-20%) of the Qinghai-Tibet, Hegang (-33.9%) and Baicheng (-18.8%) in the Northeast region, and Haimen (-14.4%) and Jinhua (-12.7%) in the Eastern region are the cities with a faster decline."

Line 381: delete "Our results are consistent with the literature. For example,"

Line 393: "but also from the low emission sources (such as residential coal combustion)" change to "as well as residential sources"

Line 405: "almost the" change to "second highest"

Line 407: "Our results are consistent with the literature. For example," change to "This is at least partially due to the natural PM sources, such as dust.": merge this paragraph with the previous one

Line 418-491: "The above findings relate to the relative change of the annual mean of PM2.5 in 419 the five years from 2015 to 2019." This sentence makes no sense. What "above findings"?

Line 412: delete "Our results 422 are consistent with the literature. For example,"

Line 442: correct the references to figures / tables

Line 443: change "0-20" to "20"

Line 448: PLEASE STOP USING "Our results are consistent with the literature. For example,": You did this for 18 times. This is how a discussion works. Please discuss the results similarly as suggested earlier for PM2.5. Using literature to help you to explain the results, not to say that yours are consistent with literature.

Line 459-461: Make a similar change as suggested earlier for PM2.5

Line 465: "almost lowest" change to "lower"

Line 675: "Possible reasons for the variations of each pollutant" change to "Factors contributing to the decrease in air pollutant levels"

Line 676: "The possible reasons for the changes in PM2.5, SO2, NO2, and CO are related to the strengthening of industrial emission standards. For example," Change to "A number of policy actions contributed to the decrease in PM2.5, SO2, NO2, and CO levels. Firstly,"

Line 695: delete

Line 700: "the whole of China is dominated by PM2.5 fine particles, and the spatial distribution shows a concentrated distribution (concentrated in the Northern region, Xinjiang, the Central region, the Weihe River Basin, etc.)" change to "PM2.5 is the most important air pollutant in most regions in China, particularly in the Northern China, Xinjiang, Central China, and the Weihe River Basin)"

\[Note: HTML markup is below. Please do not edit.\]

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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27 Jul 2020

Dear Zongbo Shi

Academic Editor

PLOS ONE,

Minor revision required \[PONE-D-19-35106R4\]

Please find attached a revised version of our manuscript The spatiotemporal characteristics of the air pollutants in China from 2015 to 2019.

Your reviews\'s comments were highly insightful and enabled us to greatly improve the quality of our manuscript again.

Line 11: "simulated data " -- change to "model simulations"

We agree with you, we have changed it.

Line 14: "various" -- change to "different"

We agree with you, we have changed it.

Line 16: add "This led to a major improvement in air quality"

We agree with you, we have added it.

Line 16 -- 17: change to "We use the hourly Air Quality Index (AQI) and mass concentrations of PM10, CO, NO2, O3, and SO2 in 362 cities from 2015 to 2019"

We agree with you, we have changed it.

Line 35: "through the simulation methods" changed to "using models"

We agree with you, we have changed it.

Line 42: "34% SO2, 28% NOx, 26% PM2.5, and 10% volatile organic compounds" change to "SO2 by 34%, NOx by 28%, PM2.5 by 26%, and volatile organic compounds by 10%"

We agree with you, we have changed it.

Line 45: "inversion of" change to "retrieved"

We agree with you, we have changed it.

Line 54: "upper ozone monitor (OMI)" should this be "The Ozone Monitoring Instrument (OMI)"?

We agree with you, we have changed it.

Line 76: delete "In addition, we also found that NO2 has improved as of 2019"

We agree with you, we have deleted it.

Line 77: delete "propose that it is meaningful to"

We agree with you, we have deleted it.

Line 87: delete "scientific"

We agree with you, we have deleted it.

Line 137: add "concentration" after Annual mean

We agree with you, we have added it.

Throughout the manuscript, please add unit to the reported concentration (but no AQI). For example "From a regional perspective, the Northern (58.2), Xinjiang (52.5), and Central (46.6)" should be changed to "From a regional perspective, the Northern (58.2 µg m-3), Xinjiang (52.5 µg m-3), and Central 144 (46.6 µg m-3)"

Line 156: "From 2015 to 2019, the national annual mean PM10 (unit: μg/m3 156 ) was 78.6." This is incorrect; this has to be changed to "From 2015 to 2019, the national annual mean PM10 was 78.6 µg m-3."

We agree with you, we have added unit.

Line 160: "with highest annual mean." Change to "with highest annual mean concentration."

We agree with you, we have changed it.

Line 171-172: "Hebei Province, Henan Province and Shandong Province" change to "Hebei, Henan and Shandong Provinces"

We agree with you, we have changed it.

Line 178: "Our results showing that higher annual mean PM2.5 concentrations occurred in" : This does not look right; you said earlier PM2.5 is highest in Northern China; now you said that Xinjiang is highest; I think you mean "Our results showing that higher annual mean PM10 concentrations occurred in Xinjiang"

We agree with you, we have changed it.

Line 184-186: "considerably different from Zhang et al. because fewer monitoring points were used in Xinjiang in this study, thus, our research results have certain limitations." Change to "somewhat different from Zhang et al.. This may be attributed to model uncertainty or the limited number of monitoring stations available in Xinjiang in this study."

We agree with you, we have changed it.

Line 187-199: suggest to delete this paragraph

We agree with you, we have deleted this paragraph.

Line 201: "Sanya (14.6), has an annual mean PM2.5 (unit: μg/m3 )" : do remember to revise this: "Sanya, has an annual mean PM2.5 of 14 μg m-3 )"

Yes, we have revised this.

Line 204: delete "The major cities"

We agree with you, we have deleted it.

Line 275: "Our results are consistent with the literature." You have said this many times. Delete line 275 -- 282: This is about CO2 and it has nothing to do with CO

We agree with you, we have deleted it.

Line 291: "that" change to "the"

We agree with you, we have changed it.

Line 299-303: "The fast developing resource and pollution intensive industries along with the 'Go West' movement and weak emission controls \[30\] contributed to the higher rate of increase in NO2 over the Western region from 2005-2013 than over that over the Southwestern, Northern, Eastern, and Southern regions"

We agree with you, we have changed it.

Line 312: "We found that NO2 has the opposite trend in cities in the same region." Change to "We found that NO2 shows a different trend in cities in the same region."

We agree with you, we have changed it.

Line 316: delete "so neighboring areas may exhibit the opposite trend (for example, Hong Kong and the 318 Pearl River Delta)"

We agree with you, we have deleted it.

Line 324: "were the regions with the highest annual mean (average median) across the country" change to "had a higher annual mean (median) concentration "

We agree with you, we have changed it.

Line 329-333: delete this paragraph. Add a sentence to the end of the last paragraph: "High O3 concentrations in the city of Lhasa of Tibet may be associated with stronger photochemical reactions, vertical mixing and downward transport of stratospheric air mass"

We agree with you, we have deleted it and added the sentence to the end of the last paragraph.

Line 352: "(Table 2-5), (S1-9 Table), (Fig 1-2)" change to "(Table 2-5, Table S1-9; Fig 1-2)"

We agree with you, we have changed them.

Line 356: "Our results are consistent with the literature. For example, Guo et al. reported that the number of cities where PM2.5 meets the air quality guidelines of WHO (annual mean 0-10 μg/m3) increased from 0 in 2015 to 1 in 2017, the number of cities where PM2.5 reached target 1 of the transition period of WHO (annual mean 25-35 μg/m3 360 ) increased from 57 in 2015 to 77 in 2017, and the annual mean of 309 cities decreased in 2017 compared with 2015 \[18\]." Change to "In comparison with 2017 \[18\], there are more cities which meets the WHO guidelines and the WHO target 1 transition period (annual mean 25-35 μg/m3)"

We agree with you, we have changed it.

Line 361: "In addition," change to: "our results are comparable with literature. For example, "

We agree with you, we have changed it.

Line 372: "main reason" change to "key factor"

We agree with you, we have changed it.

Line 376: delete "across the country"

We agree with you, we have deleted it.

Line 377: "value": what does this mean? Is it "average change"?

Yes, it is "average change", we have changed it.

Line 378: "The Ali area (-20%) of the Qinghai-Tibet; Hegang (-33.9%) and 379 Baicheng (-18.8%) in the Northeast region; and Haimen (-14.4%) and Jinhua (-12.7%) 380 in the Eastern region are the cities with a faster decline." Change to "Ali (-20%) of the Qinghai-Tibet, Hegang (-33.9%) and Baicheng (-18.8%) in the Northeast region, and Haimen (-14.4%) and Jinhua (-12.7%) in the Eastern region are the cities with a faster decline."

We agree with you, we have changed it.

Line 381: delete "Our results are consistent with the literature. For example,"

We agree with you, we have deleted it.

Line 393: "but also from the low emission sources (such as residential coal combustion)" change to "as well as residential sources"

We agree with you, we have changed it.

Line 405: "almost the" change to "second highest"

We agree with you, we have changed it.

Line 407: "Our results are consistent with the literature. For example," change to "This is at least partially due to the natural PM sources, such as dust.": merge this paragraph with the previous one

We agree with you, we have changed it and merged this paragraph with the previous one.

Line 418-491: "The above findings relate to the relative change of the annual mean of PM2.5 in 419 the five years from 2015 to 2019." This sentence makes no sense. What "above findings"?

We agree with you, we have deleted them.

Line 412: delete "Our results 422 are consistent with the literature. For example,"

We agree with you, we have deleted it.

Line 442: correct the references to figures / tables

We agree with you, we have corrected it.

Line 443: change "0-20" to "20"

We agree with you, we have changed it.

Line 448: PLEASE STOP USING "Our results are consistent with the literature. For example,": You did this for 18 times. This is how a discussion works. Please discuss the results similarly as suggested earlier for PM2.5. Using literature to help you to explain the results, not to say that yours are consistent with literature.

We agree with you, we have stoped using this sentence.

Line 459-461: Make a similar change as suggested earlier for PM2.5

We agree with you, we have changed it.

Line 465: "almost lowest" change to "lower"

We agree with you, we have changed it.

Line 675: "Possible reasons for the variations of each pollutant" change to "Factors contributing to the decrease in air pollutant levels"

We agree with you, we have changed it.

Line 676: "The possible reasons for the changes in PM2.5, SO2, NO2, and CO are related to the strengthening of industrial emission standards. For example," Change to "A number of policy actions contributed to the decrease in PM2.5, SO2, NO2, and CO levels. Firstly,"

We agree with you, we have changed it.

Line 695: delete

We agree with you, we have deleted it.

Line 700: "the whole of China is dominated by PM2.5 fine particles, and the spatial distribution shows a concentrated distribution (concentrated in the Northern region, Xinjiang, the Central region, the Weihe River Basin, etc.)" change to "PM2.5 is the most important air pollutant in most regions in China, particularly in the Northern China, Xinjiang, Central China, and the Weihe River Basin)"

We agree with you, we have changed it.

Dear Zongbo Shi

Academic Editor

PLOS ONE

Thank you for your help and understanding during these times.

Your reviews\'s comments were highly insightful and enabled us to greatly improve the quality of our manuscript again.
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6 Aug 2020

The spatiotemporal characteristics of the air pollutants in China from 2015 to 2019

PONE-D-19-35106R4

Dear Guo Peng

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Zongbo Shi

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

There are  a few English issues including inappropriate use of words such as \"Quantity\" in one of the table captions may be better to be \"number\", and punctuation issues such as one sentence contains two separate sentences (so a full stop is needed). 

Reviewers\' comments:

10.1371/journal.pone.0227469.r010
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Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

10 Aug 2020

PONE-D-19-35106R4

The spatiotemporal characteristics of the air pollutants in China from 2015 to 2019

Dear Dr. Guo:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Zongbo Shi

Academic Editor

PLOS ONE
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